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ABSTRACT 
This thesis describes the fabrication of several new classes of Ge1-x-ySixSny 
materials with the required compositions and crystal quality to engineer the band gaps 
above and below that of elemental Ge (0.8 eV) in the near IR. The work initially focused 
on Ge1-x-ySixSny (1-5% Sn, 4-20% Si) materials grown on Ge(100) via gas-source epitaxy 
of Ge4H10, Si4H10 and SnD4. Both intrinsic and doped layers were produced with defect-
free microstructure and viable thickness, allowing the fabrication of high-performance 
photodetectors. These exhibited low ideality factors, state-of-the-art dark current 
densities and adjustable absorption edges between 0.87 and 1.03 eV, indicating that the 
band gaps span a significant range above that of Ge.  
Next Sn-rich Ge1-x-ySixSny alloys (2-4% Si and 4-10% Sn) were fabricated directly 
on Si and were found to show significant optical emission using photoluminescence 
measurements, indicating that the alloys have direct band gaps below that of pure Ge in 
the range of 0.7-0.55 eV. A series of Sn-rich Ge1-x-ySixSny analogues (y>x) with fixed 3-
4% Si content and progressively increasing Sn content in the 4-10% range were then 
grown on Ge buffered Si platforms for the purpose of improving the material’s crystal 
quality. The films in this case exhibited lower defect densities than those grown on Si, 
allowing a meaningful study of both the direct and indirect gaps. The results show that 
the separation of the direct and indirect edges can be made smaller than in Ge even for 
non-negligible 3-4% Si content, confirming that with a suitable choice of Sn 
compositions the ternary Ge1-x-ySixSny reproduces all features of the electronic structure 
of binary Ge1-ySny, including the sought-after indirect-to-direct gap cross over. 
 ii 
The above synthesis of optical quality Ge1-x-ySixSny on virtual Ge was made 
possible by the development of high quality Ge-on-Si buffers via chemical vapor 
deposition of Ge4H10. The resultant films exhibited structural and electrical properties 
significantly improved relative to state-of-the-art results obtained using conventional 
approaches. It was found that pure Ge4H10 facilitates the control of residual doping and 
enables p-i-n devices whose dark currents are not entirely determined by defects and 
whose zero-bias collection efficiencies are higher than those obtained from samples 
fabricated using alternative Ge-on-Si approaches.  
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CHAPTER 1 
INTRODUCTION AND BACKGROUND 
A. Motivation of the Study 
Advances in modern technology play an important role on improving the quality of life. 
In many of the cutting-edge fields, from rockets to airplanes and digital cameras to solar 
cells, semiconductor materials are used as essential enabling components for the 
development of these technologies. In the early 1950s, when germanium was used as a 
semiconductor to produce the first prototype electronic device, few would even imagine 
that computers could become personal equipment and mobile phones could be used to 
take photographs, play video games, exchange e-mails across the world, and surf the 
internet. Thus semiconductor based technologies have boosted the emergence of 
countless elegant applications which have advanced the standard of living in today’s 
society. As scientists, our job is to reveal the hidden rules of nature, to discover new 
utilities of existing materials and fabricate new materials with improved functionality for 
the purpose of benefitting society. 
Group IV semiconductors, including Si, Ge, SiGe and most recently Sn-containing 
alloys continue to be desirable systems for the development of future generations of 
microelectronics and optoelectronics. Silicon has traditionally been the material of choice 
for the development of integrated circuits that are used for the manufacturing of 
computers, cell phones and other digital equipments. More than about 90% of the solar 
cells sold in today’s global market are also based on elemental silicon including 
crystalline and amorphous formats.  
 2 
Si-photonics is a new and flourishing technology area that makes uses of Si-based 
semiconductors to generate functionalities requiring the application of light. Current 
research and development in this area has generated increasing activity and interest from 
both a practical and fundamental perspective. Integration of Si based optical devices such 
as lasers, modulators and detectors with electronic components on the same Si chip are 
expected to produce higher performance and lead to significant reductions in 
manufacturing cost. However, several technical difficulties exist to fully implement the 
above capabilities due to the fundamental shortcomings of silicon, which is an indirect 
gap semiconductor that does not emit light efficiently. At the same time, the lowest direct 
band gap of Si has the energy of 3.4 eV, and this implies that large thicknesses, typically 
above 150 μm, are needed for applications that require absorption of visible and infrared 
photons, including detectors and solar cells.  
Several group IV materials including elemental Ge, SiGe, and newly introduced 
GeSn and GeSiSn alloys offer the promise to overcome some of the above problems. 
Although Ge is an indirect gap material, the difference between its direct and indirect 
band gaps is only 0.14 eV, making Ge a more direct gap semiconductor than Si, and thus 
more amenable to light emission and efficient absorption. Researchers have already 
successfully observed lasing from Ge on Si devices using both optical and electrical 
pumping mechanisms.
1,2
 This achievement indicates that Ge-based materials could be 
used to fabricate viable light emitters fully integrated onto Si platforms. Ge can also be 
used as a detector material at the 1550 nm telecommunication C-band, but this 
wavelength is right at the direct band gap edge. The absorption coefficient of Ge 
decreases dramatically beyond 1550 nm into the longer wavelength telecommunication 
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bands. Tensile strain has been used as a tool to extend the coverage of Ge down to 1600 
nm. However, it still does not fully include the L and U bands at 1590 nm and 1650 nm. 
Since there is a maximum amount of tensile strain that can be induced on Ge layers 
grown upon Si, the use of strain to extend the optical Ge gaps into longer wavelengths 
has a limited applicability. 
The prospect of alloying Ge with Sn has opened new opportunities for the 
formation of narrow gap semiconductors beyond the direct gap of elemental Ge at 1550 
nm. For example, Sn has a negative direct gap and an indirect gap much lower than that 
of Ge but positive. Therefore alloying Sn with Ge systematically reduces the separation 
between the direct and indirect edges, ultimately achieving a cross over from indirect to 
direct gap material at ~ 0.5 eV for 6-8% Sn. Furthermore, the incorporation of Si into 
GeSn provides additional flexibility for tuning the band gaps and lattice constants above 
and below those of elemental Ge, offering numerous applications in Si photonic 
technologies, including solar cells. 
In the photovoltaic technology arena, elemental Ge is used both as a substrate as 
well as a solar junction to fabricate devices based on InGaP/GaAs/Ge stacks which are 
known to exhibit record high efficiencies approaching 42%. One major shortcoming of 
this technology is the high cost of bulk Ge wafers which account for more than 50% of 
the total system cost. A potential replacement to Ge wafers is the so-called virtual Ge 
platform involving thick Ge films grown directly upon large area Si wafers. It has been 
reported that up to 5 microns thick layers can absorb 90% of the radiation filtered by the 
III-V cells in the 3-juntion InGaP/GaAs/Ge device. 
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An important factor that hinders the improvement of the efficiency of multijunction 
PV devices is the relatively large band gap difference between the GaAs (1.42 eV) and 
Ge (0.67 eV) junctions, which induces excess current in the Ge subcell. Inserting another 
junction that is lattice-matched to both GaAs and Ge with a band gap near 1 eV will 
provide a solution to this problem. A potential candidate material that satisfies both 
requirements is the Ge1-x-ySixSny alloy. By keeping the ratio of Si:Sn at 3.7:1, this alloy is 
always lattice matched to Ge, while the band gap increases with the simultaneous 
addition of Si and Sn. 
In view of the above technical challenges and opportunities, here we present a 
systematic study to investigate the growth of new families of GeSiSn systems including 
alloys lattice matched to Ge for application in solar cells and Sn-rich analogues for the 
development of direct gap group IV materials integrated on silicon. The latter family of 
ternary alloys represents a thermally robust alternative to GeSn since they exhibit 
enhanced thermal stability relative to the binaries with the same Sn content due to their 
higher mixing entropy.  
This thesis is structured as follows. Chapter 1 provides a brief introduction covering 
background information concerning group IV materials with emphasis on semiconductors 
Si, Ge and Sn representing the elemental constituents of the ternary Si-Ge-Sn alloys 
produced in this work. In this part I first provide a historical account of the discovery of 
the Si, Ge and Sn elements in nature, and then discuss their properties and applications as 
well as their fundamental crystal and electronic structures. The latter serve as the 
foundation for elucidating the properties of the materials produced in this study. 
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Next I present a detailed description of the major scientific outcomes obtained from 
the three main projects that constitute the bulk of my thesis. First I describe growth of 
ternary alloys with the general formula Ge1-x(Si 0.79Sn 0.21)x  exhibiting Ge-like lattice 
constants. A series of p-i-n diodes based on these materials are then fabricated on bulk Ge 
wafers and measured to determine their electrical properties and absorption edges using 
photocurrent measurements. This work led to the determination of the direct band gaps in 
the range of 0.8 – 1.1 eV as a function of composition for potential application in IR 
detectors. Next I demonstrate growth and characterization of ternary SiGeSn alloys with 
the average formula Ge0.96-ySi 0.04Sny directly on Si wafers and measurements of their PL 
spectra showing tunable light emission beyond that of Ge in the near IR as a function of 
composition. Then I describe the efforts to improve the crystal quality of GeSiSn films by 
growing the films on Ge-buffered Si, allowing an unambiguous determination of both 
their direct and indirect gaps. The latter were used to determine the indirect to direct gap 
cross over indicating that suitably chosen compositions could yield direct gap behavior 
for the first time in this class of materials. Finally I present the development of high 
quality atomically flat Ge-on-Si virtual substrates required by previous study by using 
newly developed high reactivity Ge4H10. Additionally, the last chapter provides a study to 
the band gaps for Si-Ge-Sn materials in the 1.5 – 6 eV range by using ellipsometry. 
B. Group IV Elements: History and Overview 
There are five elements in the group IV column of the periodic table: C, Si, Ge, Sn, 
and Pb. These are located near the transition line from nonmetals to metals in the periodic 
table. C (graphite) is a semimetal, Sn and Pb are true metals and C (diamond), Si and Ge 
are semiconductors.  
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Carbon is the essential constituent of organic compounds such as sugar and 
cellulose. The allotropes of carbon found in nature are diamond, graphite and amorphous 
carbon. Diamond has been used as a gem for centuries and it is the hardest substance 
known. The latter has found wide spread applications in many scientific and industrial 
areas thus significant research has been devoted to developing viable methods for 
producing diamond films on various substrates. The high hardness and strength of 
diamond are directly related to its tetrahedral bonding arrangements of atoms in the cubic 
crystal structure. Each carbon atom is bonded to four neighbors with strong directional 
covalent bonds.  The lattice is based on two interpenetrating face centered cubic 
sublattices, separated by ¼ of the lattice constant along the 111 direction. This structure 
is called diamond cubic and it is also adopted by Si, Ge and α-Sn.   
Silicon is the second most abundant element in the earth’s crust. Its oxide SiO2 is 
found in rocks, soil, sand, quartz and other common minerals. Quartz crystal and agate, 
as well as other silicate gems such as garnet and jadeite, have been used as gemstones for 
thousands of years. However, elemental silicon had not been isolated in pure form until 
the 1800s. Crystalline silicon has a grey color and a metallic appearance and as indicated 
above it exhibits semiconductive behavior. Its band structure is shown below in figure 1. 
The conduction band minimum is in between the Δ and X point, and the valance band 
maximum is at the Γ point. The energy difference between these two extreme points is 
1.12 eV at 300K. Since they don’t occur at the same point, the lowest band gap is indirect, 
and thus Si is considered an indirect gap semiconductor. 
 7 
                          
Figure 1 Energy vs. wave vector diagram showing the electronic band structure of Si. Reprinted figure 
with permission, from J. Chelikowsky and M. Cohen, Physical Review B, vol. 14, no. 2, 15 July 1976. 
Copyright (2013) by the American Phyiscal Society. 
 
Although the first semiconductor device was based on germanium, silicon today is 
the most widely used semiconductor material in microelectronics. In this study silicon is 
used both as an active and passive component for fabricating materials and devices. For 
example most of the samples discussed in this thesis are grown on Si (100) wafers. The 
latter serve in some cases as an active bottom electrode in p-i-n photodiode samples. Si is 
also used as an alloying element for the fabrication of the GeSiSn materials in which its 
concentration is adjusted for the purpose of tuning the optical and electronic properties.  
Germanium was not discovered until the 19
th
 century and the story of its discovery 
is interesting and intriguing. In 1869, Russian chemist Dmitri Mendeleev made a 
presentation to the Russian Chemical Society named ―Dependence of Properties of 
Elements on Atomic Weights‖, and published it in a Russian journal. In his presentation 
he proposed a table that contains all the elements known at that time, displayed in a 
periodic order. Some other scientists had already published similar tables before, but it 
was Mendeleev who first left blanks in the table for undiscovered elements and predicted 
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their physical and chemical properties based on the periodicity he summarized.  In his 
table, between Si and Sn, there is a blank space waiting to be filled up. Mendeleev called 
it ―ekasilicon‖, the prefix ―eka-‖ means ―one‖ in Sanskrit. He predicted that this new 
element would have an atomic mass of 72, a density of 5.5 g/cm
3
, a high melting point, as 
well as many other interesting physical properties.  
In 1885, a new silver-rich mineral was discovered in Germany and was named 
argyrodite. German chemist Winkler studied it and found that it contains silver, sulfur 
and a new element which was later isolated and characterized. By comparing the 
experimental data to Mendeleev’s predictions, it was confirmed that this substance is in 
fact ekasilicon. It was then named Germanium after Winkler’s homeland Germany.  The 
success of the ekasilicon prediction, as well as similar predictions for Ga and Sc, were 
important for establishing the validity of Mendeleev’s ideas. 
There was no significant application for Ge for almost 60 years after its discovery 
due to the difficulties in refining the mineral. In the 1940s, Lark-Horovitz started to 
purify Ge at Purdue
3
 and his work resulted in the isolation of high quality material, which 
has opened the door to modern electronic inventions. In 1947, Bardeen and Brattain from 
Bell Labs made the first transistor triode integrated on a block of polycrystalline Ge.
4
 In 
this case gold wires were used as electrodes, as shown in figure 2. This fabrication of the 
Ge triode represents the beginning of the era of modern electronics. 
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Figure 2  The first transistor created by Bardeen and Brattain at Bell Labs. Reprinted with permission from 
Materials Science in Semiconductor Processing, vol. 9, Issue 4‐5, p. 411, August‐October 2006. Copyright 
(2013) Elsevier B.V. 
 
In 1940s and 1950s, theoretical and experimental studies on Ge blossomed with the 
availability of high purity crystal. Its band structure was first calculated and then 
confirmed experimentally.
5-9 
Prototype bipolar junction transistors were made by 
Shockley.
10
 The first solid state integrated circuit was built by Kilby in 1958 using Ge 
devices.
11
  
About the same time as these developments emerged, Fairchild Semiconductors 
produced an integrated circuit using Si. This system was found to be more advantageous 
than one based on Ge as discussed in more detail below, thus silicon replaced germanium 
as the semiconductor of choice for device fabrication. The Fairchild silicon-based IC is 
the starting point for all of today’s integrated circuits.   
 10 
                                        
Figure 3, Energy vs. wave vector diagram showing the electronic band structure of Ge. Reprinted with 
permission, from Physical Review B, vol. 14, no. 2, 15 July 1976 
 
Figure 3 shows the electronic band structure diagram of Ge. The heavy-hole and 
light-hole valence bands are degenerate at the Γ point in k-space and represent the 
valence band maximum (which is usually set as the 0 eV point). The spin-orbit split-off 
band also has its maximum at Γ point, with the energy of -0.29 eV. The conduction band 
has its minimum at L point, and the band gap between this point and the valence band 
maximum is 0.67 eV, which is the fundamental gap. The second minimum of conduction 
band occurs at Γ point, and the difference to the valence band maximum at the same point 
is 0.8 eV, which is the lowest direct band gap of Ge. Therefore, while their band 
structures are different, both Ge and Si share the indirect nature of their fundamental 
band gap. 
Some of the reasons why Si has replaced Ge as the most widely used group IV 
material in the IC industry include the following: (a) Si is relatively cheap, because its 
main source SiO2 is earth abundant. In contrast, Ge is expensive because it can only be 
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obtained in small yields by refining zinc or copper ores or charcoals. In 2013 low grade 
Ge with 99.99% purity (well below semiconductor grade of 99.9999%) is priced at $1900 
per kilogram. This higher-than-silver price precludes the application of Ge in many areas.  
(b) Silicon’s electronic properties make it a better semiconductor than Ge. The Si band 
gap at room temperature is 1.12 eV, which is much higher than the 0.67 eV value of Ge.  
The lower band gap of Ge gives it higher intrinsic conductivity under normal temperature 
thus the performance of Ge devices deteriorates quickly at high operating temperature. 
(c) The oxide of Si is a good insulator with stable chemical and physical properties. It can 
be used as mask to define areas in device fabrication, and it is readily generated by 
heating the wafers in an oxygen atmosphere. On the other hand, the oxides of Ge, which 
are GeO and GeO2, are fragile and soluble in water. At the same time, they introduce a 
large surface state density at the oxide/Ge interface, which degrades the device quality. 
(c) Silicon is much stronger and harder with a Moh’s hardness of 7.0, compared to 
germanium’s  Moh’s hardness of 6.0. At the same time, Si weighs less than Ge (its molar 
mass is only 44% of Ge) and thus more desirable for engineering applications requiring 
lighter and stronger materials.  
Although Si is considered superior to Ge in the microelectronic industry, Ge has 
several interesting properties that make it a better material for photonic and high mobility 
electronics. At room temperature the electron and hole mobilities of Ge are 3900 cm
2
/Vs 
and 1900 cm
2
/Vs, respectively, while those of Si are only 1500 cm
2
/Vs and 450 cm
2
/Vs. 
This has led to the fabrication of Ge and SiGe based MOSFETs, with increased device 
speeds relative to similar Si technologies. In the case of photonics bulk Ge is currently 
widely used for the fabrication of high performance near-IR to mid-IR photodetectors. 
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Bulk Ge wafers are also used for growing group III-V photovoltaic devices such as high 
efficiency triple junction solar cells based on InGaP/GaAs/Ge lattice matched stacks.  
Finally alloying of Ge with Sn should produce materials covering all telecom windows, 
making Ge an essential element for applications in modern communication technologies. 
Tin (Sn) has been discovered and used for more than 5000 years. The first 
application was to alloy with copper and lead to make bronze, which was used to make 
arms, tools, coins and containers. Tin does not readily oxidize in air, so it’s used to coat 
iron sheets to prevent corrosion. There are two allotropes of tin. One is called α-tin, more 
commonly known as grey tin. The other is β-tin, or white tin. It is metallic with a silvery 
like appearance and is used to coat metals and make containers. Grey tin is nonmetallic 
and exhibits diamond cubic structure. The transition from white tin to grey tin occurs 
naturally below 13.2 °C. Since grey tin was not useful, this undesirable transition was 
often called ―tin pest‖ or ―tin disease‖. However, it is the α-tin that draws more attention 
for applications in semiconductors, because it has the same diamond structure as 
crystalline Si and Ge. Pure α-tin is not really a semiconductor but a semimetal and its 
band structure is shown in Figure 4. This diagram calls for extra attention because the 
interpretation of the gaps is more complicated than Ge and Si. The Γ7 band which 
corresponds to the lowest direct conduction valley in Ge is located below the valence 
light hole/heavy hole Γ8 manifold at the Γ-point. Therefore this band becomes a valence 
band. Its curvature is reversed due to k·p repulsion with the higher light-hole band. At the 
same time, the curvature of the light-hole band is also reversed by the mutual interaction, 
and therefore this band becomes a conduction band. Since the heavy-hole and light-hole 
bands are degenerate by symmetry at the Γ-point, the material is a zero-gap semimetal. 
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The difference E(Γ7- Γ8), which gives the direct gap energy in Ge, is E(Γ7- Γ8) = -0.42 eV 
in α-Sn, and it is common to say that this material has a ―negative‖ direct gap. The 
transition corresponding to the indirect gap in Ge is E(L6c- Γ8v) = 0.14 eV in α-Sn.
12
  
                              
 
Figure 4. Energy vs. wave vector diagram showing the electronic band structure of α-Sn. Reprinted, with 
permission, from Physical Review B, vol. 14, no. 2, 15 July 1976 
 
C. Epitaxial Growth of Si-Ge-Sn materials 
As stated at the beginning of this chapter, alloying Sn into Ge provides access to 
band gaps lower than that of Ge. By studying the band structures of Ge and Sn (Figure 3 
and 4), we can see that Ge has direct and indirect band gaps of 0.8 eV and 0.67 eV, 
respectively, while for Sn these values are -0.42 eV and 0.14 eV. Thus by alloying Sn 
into Ge, both the direct and indirect band gaps will decrease, but the direct gap will 
decrease faster, and finally fall below the indirect gap, making the alloy a direct gap 
semiconductor. Direct gap materials are highly desirable for their wide applications in 
solar cells and light emitting devices. 
The idea of alloying Sn into Ge was proposed in 1980s by Goodman
13
, but the 
materials first produced on mismatched Si wafers were polycrystalline.
14
 Growth of 
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single crystal GeSn was subsequently reported using Ge and GaAs substrates due to 
better lattice matching between the epilayer and the wafer.
15-17
 
Our group at ASU has more recently developed new protocols to grow GeSn 
directly on Si. In this case deuterated stannane (SnD4) and Ge2H6 are used as the sources 
of Sn and Ge, respectively.
18
 More recently the highly reactive Ge3H8 was introduced for 
the growth of highly saturated layers at significantly enhanced growth rates. 
GeSn/Si(100) materials with 2% Sn were used to build the first example of a GeSn 
photodiode device showing complete coverage of all the telecommunication bands.
19
 
However, GeSn alloys with high Sn have low thermal stability and this presents a 
problem for applications in devices requiring high thermal budget processing (above 
550
o
C for 10% Sn). 
 The first growth of ternary Ge1-x-ySixSny alloys was reported at ASU by Bauer et al 
in 2003 using GeSn buffered Si wafers and reactions of SiH3GeH3 and SnD4.
20
 Later 
work by Xie demonstrated growth of Ge1-x-ySixSny directly on Si.
21
 The addition of Sn 
into Ge gives the alloy smaller band gaps and larger lattice constants. Since Si has 
smaller lattice constant than Ge and a higher band gap, the incorporation of Si will 
generally widen the band gap and decrease the alloy’s lattice constant. For the special 
case of x = 3.7 y in the composition space or for Ge1-x (Si 0.79Sn 0.21) x, the materials 
exhibit lattice constants identical to Ge. A series of these alloys were grown lattice 
matched on Ge buffered Si by Fang et. al.
22,23
 and were shown to exhibit tunable direct 
band gaps between 0.8 and 1.4 eV at fixed lattice constant, showing decoupling of 
electronic structure and lattice parameter for the first time in group IV materials. This 
approach opened up new possibilities in silicon photonics, and was used in this study to 
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grow photodiodes on Ge wafers, for the purpose of exploring 1 eV gap materials that can 
enhance the performance of multijunction solar cells. A series of lattice matched Ge1-
x(Si0.79Sn0.21)x /Ge p-i-n diodes with 1-5% Sn and 4-20% Si were successfully fabricated 
and characterized, showing tunable absorption edges from 0.87 to 1.03 eV. These results 
and achievements will be presented in chapter 2. However, none of these materials show 
PL, despite the defect-free crystal quality. This can be explained by observing that the PL 
signal from Ge and GeSn films is dominated by direct gap emission, even though pure Ge 
and low-Sn GeSn alloys are indirect gap semiconductors. The Γ-conduction band valley 
is thermally populated by its close proximity to the absolute L-minimum, and the 
emission is dominant because of the much higher oscillator strength for a direct transition. 
The addition of Si, however, widens the difference between the Γ and L minima, and 
thereby reduces the thermal population of the Γ valley. The energies (in eV) at the -, L, 
and X points for Si/Ge are as follows: EΓ 4.1/0.8, EL 2.0/0.66 and Ex 1.12/1.2. Thus direct 
gap PL from Ge1-x(Si0.79Sn0.21)x containing significant amounts of Si will be unlikely.   
In view of the above considerations, the most rational approach to obtain 
photoluminescence from SiGeSn would be to keep the Si content low and make the Sn 
content as high as possible in order to hold the minimum close enough to the L 
minimum to ensure quasi-direct gap conditions. A series of Ge0.96-ySi0.04Sny samples are 
first grown directly on Si substrates, and PL responses have been observed from this 
ternary system for the first time. Investigation of the compositional dependence of the 
direct band gap is thus enabled by studying the PL spectra, and this study will be 
presented in chapter 3. However, these initial measurements did not allow mapping the 
direct vs. indirect gap behavior since the PL spectra of these first generation samples 
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were weak and did not show any evidence of indirect gap peaks. The lack of strong PL 
signals in this case is attributed to the presence of defects in the crystalline epilayers as a 
result of their large lattice mismatch with the underlying Si wafers. 
Precise measurements of the lowest gap of the materials are required to enable 
mapping of the compositional dependence of the critical point energies. In view of this 
requirement, a new pathway of replacing Si with Ge buffer layers as the growth platform 
has been proposed and successfully carried out. The resultant highly-crystalline, low-
defectivity bulk-like layers exhibit strong and distinct PL peaks with clearly resolved 
contributions from direct and indirect gaps depending on composition. The peak 
intensities observed were 10-15× higher than those of similar alloys grown directly on Si 
and increase as a function of Sn content. These results facilitated the investigation of 
indirect-direct gap cross over in GeSiSn system, and will be discussed in chapter 4. 
To make the above study possible, a technology for growing high quality Ge 
buffers is needed. Thus this thesis work developed methods to grow atomically flat bulk-
like Ge layers on Si with newly introduced highly reactive Ge4H10. These Ge buffered Si 
are used as virtual Ge substrates for applications as buffers for Ge0.96-ySi0.04Sny growth. 
The achievements are presented in chapter 5. 
Furthermore, in chapter 6, we use UV-Vis ellipsometry to study the higher band 
gaps within 1.5 eV to 6 eV range for Si-Ge-Sn materials. The compositional dependence 
of the major transitions E1, E1+Δ1, E0', E2 and E1' as well as the bowing parameters have 
been determined, showing the effects of band gap engineering by adjusting the Si, Ge and 
Sn contents in this ternary system. By combining the results from chapters 2, 3, 4 and 6, 
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this thesis presents full coverage of the compositional dependence for the important band 
gaps of Ge-rich Si-Ge-Sn system from 0 eV up to 6 eV for the first time. 
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CHAPTER 2 
LATTICE MATCHED GE1-X-YSIXSNY ON GE: HIGH-PERFORMANCE 
PHOTODETECTORS WITH TUNABLE BAND GAPS 
A. Introduction 
Text and Figures in this chapter were reprinted with permission from C. Xu, R.T. Beeler, 
G. Grzybowski, A.V.G. Chizmeshya, J. Menendez and J. Kouvetakis, Journal of the 
American Chemical Society 134(51), 20756-20767 (2012), copyright (2013) American 
Chemical Society. 
 
For the past 50 years, simple molecular compounds such as silane (SiH4) and 
germane (GeH4) have been the chemical vapor deposition (CVD) precursors of choice in 
the development of silicon and silicon−germanium technologies, which have dominated 
the field of electronics. More recently, the need for lower deposition temperatures and 
more complex group IV materials, such as those incorporating Sn, has stimulated 
research into higher-order silanes and germanes, most notably digermane (Ge2H6), and 
trisilane (Si3H8), as well as Sn compounds such as SnD4 and SnCl4, which are now 
commercially available.
24-26
 One of the most intriguing byproducts of recent work in this 
area is the synthesis of crystalline Ge1−x−ySixSny alloys, which represent the first viable 
ternary semiconductor system among group IV elements with independently tunable 
lattice parameter and electronic structure.
27-29 
This flexibility confers the material a great 
potential for multijunction solar cells in which the multiple band gaps must be 
independently tuned to optimize efficiency, while the lattice parameters must be kept the 
same across the structure to minimize formation of deleterious defects.
22,30,31
 
The original synthesis of Ge1−x−ySixSny was conducted via reactions of SiH3GeH3 
with SnD4 using ultrahigh vacuum CVD to produce the first generation of samples that 
allowed thorough initial characterization of the intrinsic properties of the new system to 
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be performed.
20
 This approach exploits the high reactivity of SiH3GeH3, which is also 
more compatible with the low temperatures required for growth of single-phase 
monocrystalline structures with high Sn contents (note that the degree of Sn incorporation 
and the growth temperature are typically inversely related).
20
 The routine use of 
SiH3GeH3 in this process was, however, found to be problematic from a device 
development perspective because the fixed Si/Ge ratio in the precursor limited the 
stoichiometry control needed to precisely tune alloy compositions with respect to strain. 
In addition, this compound is not yet commercially available in sufficient quantities and 
purity to ensure routine large-scale fabrication of thick layers with suitable microstructure 
and their deployment on large-area platforms as required for high-performance low-cost 
devices such as multijunction photovoltaics. 
Most recently, it was shown that alloys with Sn concentrations below ~2% could be 
fabricated by replacing the exotic SiH3GeH3 precursor with commercially available 
Ge2H6 and Si3H8 sources, which enabled the development of micrometer thick films with 
reproducible control of atomic content and dopant densities directly on Si and Ge 
substrates.
 21,30,32,33
 Materials in this limited composition range (%Sn < 2) were then used 
to fabricate rudimentary p−n junctions that exhibited promising collection efficiencies 
approaching 80%.
30
 This suggests that it may be possible to create working devices with 
tunable optical response beyond that of Ge by expanding the Sn content in the alloy 
without resorting to the use of Si3H8/Ge2H6 mixtures or the problematic SiH3GeH3. These 
limitations, and in particular the lack of flexible delivery agents for Si and Ge 
constituents, have therefore prevented the exploration of the full potential of the ternary 
Ge1−x−ySixSny system as a viable semiconductor for widespread device applications.  
 20 
In this chapter, we report a comprehensive study of a new molecular strategy that 
allows synthesis of device-quality group IV Si−Ge−Sn semiconductors with 
demonstrated optoelectronic capabilities well beyond those of state-of-the-art Ge-based 
devices.
 34
 We have shown that the lower-reactivity Si3H8/Ge2H6 mixtures, which have so 
far limited the Sn incorporation, can be replaced by higher reactivity Si4H10 and Ge4H10 
molecules. The latter are also more chemically compatible with Sn hydrides such as SnD4 
and react at unprecedented low temperatures of 285−320°C to produce the next 
generation of Ge1−x−ySixSny alloys possessing the range of Si/Sn composition (up to 6% 
Sn and 22% Si) required for structure/property tuning. To exploit the enhanced reactivity 
of Si4H10 and Ge4H10 in the context of device development, we use a custom single-wafer 
reactor operating under gas source molecular beam epitaxy (GS-MBE) conditions, 
thereby enabling reproducible control of atomic content and thickness at the monolayer 
level, necessary for building quantum well based structures. This approach also allows 
control and ultimately the elimination of secondary reactions responsible for introducing 
deleterious impurities into complex architectures of the grown devices, thereby 
diminishing their performance potential. A common example includes the incorporation 
of reactant residues from prior runs into subsequently grown components of the device 
(i.e., residual memory affects). In view of the novelty of the Si4H10 and Ge4H10 precursors 
for the growth of these crystalline semiconductors, ab initio thermochemistry studies 
were carried out to elucidate reactivity trends and identify optimal process conditions. 
These studies reveal a complex interplay between the equilibrium properties of the 
various reacting isomers at typical reaction conditions. Perhaps most importantly, we 
demonstrate that the crystalline Ge1−x−ySixSny systems grown using Si4H10 and Ge4H10 
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automatically lattice-match the underlying Ge wafers (the quintessential substrate for 
high efficiency PV) and that they possess defect-free microstructure, superior 
morphology, and viable thickness as needed for applications in multilayer devices. 
Furthermore, our approach offers the potential for additional improvements: (a) process 
scale-up to industry-standard large-area wafers, (b) improved efficiency and reduced cost 
by using smaller amounts of expensive chemicals, (c) increased throughput by drastically 
reducing the down time due to chamber preparation for subsequent runs, and (d) 
simplified and consistent wafer cleaning. 
      
Figure 5 Schematic illustration of the ―molecules, to materials, to functional devices‖ paradigm 
emphasized in this chapter. The reactive Si4H10 and Ge4H10 compounds shown in the top left are used to 
synthesize individual component layers (bottom left), which are then combined into seamlessly matched 
stacks (bottom right), culminating in an integrated device architecture with desired operational properties. 
 
In this chapter, we describe the entire process development from ―molecules 
through materials to prototype device‖ (see Figure 5) to produce intrinsic and doped 
functional components, which in turn allow the assembly of working photodiodes on Ge 
that exhibit the expected enhancements in optoelectronic performance. This is 
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demonstrated by fabricating and measuring an entire series of photodetectors exhibiting 
record low dark current densities as compared to similar Ge-based devices grown on Si 
(100), as well as precisely tunable absorption edges over a broad energy range in the IR 
between 0.87 and 1.03 eV, thereby creating exciting opportunities in optoelectronics, 
including photovoltaics. 
B. Growth and Structural Characterization 
The growth apparatus used in this study (see Figure 6) is a custom-built deposition 
system with gas-source epitaxy capabilities in which a low-pressure CVD module (heater, 
wafer stage, gas injection manifold) is housed entirely within a UHV environment. The 
heater and sample stage are components of a single-wafer process unit that is attached to 
the top of a spherical stainless steel chamber. This chamber is fitted with a pumping stack 
comprised of high capacity turbo pumps backed by dry pumps. A cryo pump is used to 
maintain background vacuum levels of ~10
-10
 Torr, which are necessary for ―flashing‖ Si 
wafers to desorb the native oxide. The system is equipped with a load lock that allows 
transferring the substrate wafers into the chamber under UHV conditions. The sample 
stage comprises a rotating wafer holder designed to accommodate up to 4-in. substrates. 
Heating is provided by a coiled graphite element enclosed within a cylindrical quartz jar 
that is differentially pumped down to 10
-10 
Torr. This is a unique arrangement designed 
to: (1) isolate the heater from the reactor ambient for the purpose of protecting the 
filaments from the corrosive CVD environment, and (2) completely eliminate cross-
contamination. The injection nozzle is mounted at the bottom of the chamber through a 
leak valve, and it is directed upward toward the wafer surface. The nozzle is terminated 
with a showerhead configured to dispense the gaseous reactants substantially normal to 
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the downward facing wafer positioned upside down in the holder. The gas manifold is 
movable over an 8 in. length scale in the vertical direction, allowing the outlet of the 
nozzle to be precisely positioned below the wafer at a predetermined operating distance. 
The latter is optimized to produce films at the highest possible growth rate exhibiting 
thickness uniformities of 90% or better, depending on wafer size and temperature. The 
position of the quartz enclosure can also be adjusted in the vertical direction by a 
precisely controlled mechanism that is configured to independently set the distance 
between the heater and the back side of the wafer. The latter can be reduced to distance as 
little as 2 mm to ensure efficient and uniform radiant heating of the bulk substrate. 
Finally, the reactor is also fitted with in situ diagnostics, including a RHEED system to 
monitor bonding at the surface and a mass spectrometer (300 amu) to characterize the 
gaseous species present during growth and within the residual atmosphere at UHV 
conditions. 
Using this reactor, we initially conducted a series of control experiments on 4 in. 
diameter Si (100) and Ge (100) substrates. The Ge wafers employed here are those 
typically used as platforms in commercial multijunction photovoltaic devices, 150 μm-
thick, off-cut by 6° toward (111), and doped with Ga acceptor atoms (p = 6 × 10
17
 cm
−3
). 
Each ―epi-ready‖ substrate was loaded as received in the reactor and then heated to 
550 °C for 5 min under high vacuum to remove the surface oxide. In the case of the Si 
wafers, an RCA process was used to remove organic/metallic impurities. The substrates 
were then dipped in HF/methanol solutions to passivate the surface with hydrogen, 
loaded into the CVD chamber, and outgassed at 450°C until the pressure was restored to 
the base level (10
−10
 Torr), and finally flashed at 850°C to remove residual contaminants.  
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Figure 6 Schematic representations of the single wafer gas-source MBE reactor showing the internal 
structure of the CVD module, which includes the heater, wafer holder, and injection nozzle. A three-
dimensional CAD rendering of the apparatus is shown in the inset. 
 
The Si4H10 compound was obtained from Voltaix Corp. and was used as received. 
The Ge4H10 analogue is produced by thermolysis of Ge2H6 in a flow system at 250°C as 
described by the sequence of idealized equations below. The compound was isolated by 
distillation as a stable colorless liquid product in gram quantities sufficient for SiGeSn 
deposition studies. 
2Ge2H6 → Ge3H8 + GeH4                                                                                              (2.1) 
Ge2H6 + Ge3H8 → Ge4H10 + GeH4                                                                                (2.2) 
Using ab initio thermochemistry (see below), it is found that the driving force in these 
reactions is the creation of GeH4, which is more easily produced by decomposition of 
Ge3H8 above 300°C yielding Ge4H10 (see eq 2.2). Stock gas mixtures were prepared by 
combining the Si4H10, Ge4H10, and SnD4 precursors in a 3 L container. The molecular 
flux was admitted into the chamber at a steady flow rate, controlled by a precision leak 
valve. A turbo pump (backed by a dry pump) was used to maintain a constant pressure of 
1 × 10
−4
 Torr during growth, while the temperature of the samples was estimated from 
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accurate readings (285−320°C) of a heater thermocouple positioned inside a quartz 
enclosure, 5 mm removed from the backside of the wafer. Accordingly, the actual film 
temperatures are expected to be slightly lower. It should be noted that under the 
significantly reduced thermal budgets employed here the emissivity of Si and Ge is 
beyond the detection threshold of a single color pyrometer typically used to determine the 
substrate surface temperature. 
A wide range of single-layer reference samples, both intrinsic and P-doped, was 
initially produced, on both Si (100) and Ge (100) substrates, for the purpose of 
establishing reliable and reproducible reaction conditions. The deposition temperature 
and molar ratio of the co-reactants were optimized to ensure the growth of films with the 
desired compositions and dopant levels, while exhibiting large thicknesses, flat surfaces, 
and high quality microstructure. Subsequently, all device-related developments were 
pursued exclusively on samples grown on Ge substrates. Using the optimized reference 
samples conditions, a range of device stacks of intrinsic and n-layers were then 
codeposited on off-cut Ge wafers to assemble Ge1−x−ySixSny/Ge(100) pin diodes that were 
processed into photodetector devices. The intrinsic layers in these structures were 
synthesized by reactions of Si4H10, Ge4H10, and SnD4 to yield nominal stoichiometries at 
unprecedented low temperatures as shown in Table 1. The n-type overlayer in each 
sample was grown under the same conditions in situ by introducing an appropriate 
amount of the single source P(GeH3)3 into the reaction mixture, to yield virtually 
identical Si, Ge and Sn compositions and active dopant levels in the range of 2 × 10
19 
/cm
3
. We found that the atomic content in the alloys was controlled by the relative 
amounts of the gaseous precursors in the reaction mixtures. The latter were formulated in 
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a manner in which the amount of Ge4H10 was always kept constant at 1.5 Torr per unit 
volume, which represents its maximum vapor pressure at 22°C. The pressure of Si4H10 
and SnD4 was then simultaneously adjusted to achieve an optimal ratio, which yielded the 
target Si and Sn fraction in the layers reproducibly. Perhaps surprisingly, a significant 
excess of Si4H10 was typically found necessary to systematically increase the alloy’s Si 
concentration in the 6−20% Si regime of interest (ab initio thermochemistry can be used 
to explore the origin of this behavior, see below). In all cases, the gas mixture was diluted 
with research grade H2 at a total final pressure of 30−40 Torr, and checked prior to 
growth by gas infrared absorption, which confirmed that the individual components did 
not react or decompose even when stored for an extended period of time. The relative 
amount of H2 in a given formulation did not influence the overall film stoichiometry, 
although higher diluents resulted in lower growth rates, as expected. The latter also 
depended on temperature and were estimated to be as high as 10 nm/min for the 315°C 
depositions. Finally, we note that in the above list of samples in Table 1, the Si and Sn 
content is increased while keeping the Si/Sn ratio close to 3.7 for the purpose of tuning 
the band gap above that of Ge (0.8 eV), while maintaining the lattice parameter near that 
of germanium (5.658 Å). This ensures close lattice matching of the device stack with the 
underlying wafer. 
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Table 1 Compositions of representative samples grown on Ge, and processed into photodetectors. (The 
corresponding growth temperatures were obtained from thermocouple readings.) 
 
All samples grown on Si (100) or Ge (100) (e.g., both reference layers and device 
stacks) were initially examined using Nomarski microscopy and found to be optically 
featureless. Rutherford backscattering spectroscopy (RBS), high-resolution X-ray 
diffraction (HR-XRD), atomic force microscopy (AFM), and cross-sectional electron 
microscopy (XTEM) characterizations were then performed to establish that micrometer-
thick films (single and double layers) could be readily produced with atomically flat 
surfaces.  
Figure 7 shows the RBS random and aligned plots of a Ge0.95Si0.04Sn0.010 reference 
sample deposited on Si (100) at 320°C with a Si/Sn ratio of ~4. The data indicate single-
phase material in full epitaxial registry with the underlying Si as shown by the high level 
of RBS channeling. The film is strain-free relative to Si (100) as indicated by the 
relaxation line passing through the center of the off axis (224) Bragg peaks (not shown). 
The corresponding XTEM image of the entire layer (Figure 7) shows occasional defects 
arising from the lattice mismatch between the epilayer and the substrate. In general, 
reference layers (or devices) grown on Ge under the same reactions conditions exhibited 
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stoichiometry identical to those on Si, indicating that the ratio of co-reactant on the 
growth front controls the final composition irrespective of the growth platform employed. 
                               
Figure 7. XTEM micrograph of a Ge0.95Si0.04Sn0.01 layer grown directly on Si(100) and annealed at 700 °C 
showing the presence of defects resulting from the lattice mismatch of the epilayer with Si(100). (Inset) 
Random and channeled RBS spectra indicating a high level of epitaxial alignment and single phase 
structure of the epilayer. 
 
Figure 8 shows typical RBS and XRD plots from a Ge0.78Si0.18Sn0.04 device film 
as-grown on Ge at 310 °C with a thickness of ~750 nm. The random RBS plot (red trace) 
is used to determine the composition and estimate the thickness, while the channeled 
analogue (blue trace) indicates single-phase monocrystalline material grown with 
epitaxial alignment on the underlying wafer. The RBS analyses reveal a uniform Si/Sn 
content throughout the films with a margin of error of 0.1% Sn and 1% Si. The larger 
uncertainly in the Si fraction is due to the overlap of the Si signal with the dominant Ge 
wafer background, precluding a precise fit of the Si step height in the spectrum using the 
program RUMP.
35
 In this case, XRD measurements were employed to confirm the Si 
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content using the measured lattice constant of the epilayer in conjunction with Vegard’s 
Law. The 2θ/ω plots and (224) reciprocal space maps typically contain a single Bragg 
reflection in each case corresponding to overlapping contributions from the intrinsic and 
n-type overlayers. However, we find that even a minor deviation in Si between the two 
layers of the device (not detectable by RBS) is manifested by a slight separation of their 
XRD peak maxima, as expected due to the highly resolved spectral features, as shown in 
Figure 8. In this sample, the (004) reflection of the n-Ge0.78Si0.18Sn0.04 epilayer appears as 
a shoulder on the combined peak due to the Ge wafer and i-Ge0.78Si0.18Sn0.04 epilayer. 
This indicates the expected reduction in lattice parameter due to intentional enhancement 
in Si content for the purpose of creating a higher band gap capping layer, to optimize 
overall device performance. Perhaps most importantly, the width of the ―device‖ peak is 
similar to that of bulk Ge, indicating minimal mosaic spread and flawless heteroepitaxial 
alignment, which is further corroborated by the presence of thickness fringe patterns on 
both sides of these 2θ/ω features. Collectively the XRD plots indicate superior 
crystallinity in the as-grown material and close similarity in the lattice constants to those 
of Ge (a0 = 5.658 Å), as evidenced by a close correspondence of the epilayer and 
substrate peak maxima. These results are a testament to the precise nanoscale control of 
both stoichiometry and microstructure afforded by our ultralow temperature synthesis 
using designer hydrides with compatible reactivities. 
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Figure 8. (Left) Standard 2 MeV RBS spectra of a 750 nm thick Ge0.78Si0.18Sn0.04 epilayer illustrating a 
high degree of crystallographic alignment with the Ge wafer. (Right) XRD 2θ/ω plot of the same sample 
showing a strong (004) peak due to overlapping contributions from the Ge wafer and i-GeSiSn components 
of the device as well as a weak shoulder attributed to the n-GeSiSn overlayer. (inset) The (224) reciprocal 
space map due to i-GeSiSn/Ge(100) is perfectly aligned in the vertical direction with that of the n-GeSiSn 
overlayer. Collectively the XRD data reveal a very close degree of lattice matching and similar crystalline 
quality between  device structure and the Ge platform. 
 
Secondary ion mass spectrometry (SIMS) depth profiles of selected samples 
showed a homogeneous distribution of the Si, Ge, and Sn atoms. The plots also revealed 
a sharp transition in the P profile across the heterojunctions, reaching a constant value of 
~2 × 1019/cm3 within the top layer. AFM scans revealed a root-mean-square (RMS) 
roughness of ~ less than 0.7 nm for 20 ×20 μm2 areas in samples across the entire 
composition series, indicating a homogeneously smooth surface in all cases. The latter is 
corroborated by XTEM observations, which revealed the presence of monocrystalline 
layers with atomically flat surfaces and cubic diamond-like structures akin to that of the 
underlying Ge platform, as illustrated in Figure 9 by micrographs of two representative 
GeSiSn/Ge pin samples. The top and bottom panels of the figure are diffraction contrast 
images obtained from 3% and 5% Sn films, respectively, both showing a flat surface and 
uniform layer morphology with typical thickness variations appearing as alternating 
bright and dark contrast bands. In both cases, the entire layer is found to be completely 
devoid of threading dislocations on a lateral scale of many micrometers. Virtually 
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identical defect-free microstructures are observed by XTEM within full layer segments 
throughout the cross-sectional samples. The middle panel of the figure is a high-
resolution image of the Ge0.75Si0.20Sn0.05/ Ge(100) interface region showing a sloped 
heterojunction profile (indicated by arrows) relative to the (111) planes, as expected from 
the off-cut wafer geometry. The overlayer is fully conformal to the underlying terraced 
surface of the wafer, while the two materials exhibit a flawless epitaxial registry due to 
close lattice matching. 
                                    
Figure 9. XTEM micrographs of p−i−n device structures with nominal compositions of 
Ge0.84Si0.13Sn0.03/Ge (top panel) and Ge0.75Si0.20Sn0.05/Ge (bottom panel) as grown at 300 and 290 °C, 
respectively. The layers in both cases possess defect-free microstructures, flat surfaces, and viable 
thicknesses up to 1 µm as needed for applications in multilayer devices. High-resolution image (middle 
panel) of the sloped heterointerface marked by arrows indicates highly conformal and fully commensurate 
growth of the Ge0.75Si0.20Sn0.05 device on the off-cut Ge wafer. 
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C. Reactivity Studies of the Ge4H10 and Si4H10 Precursors 
 
The SiGeSn films with 1−5% Sn compositions described above are specifically 
targeted to lattice match Ge by maintaining a ratio of Si/Sn ~ 3.7, while the 
corresponding Si/Ge ratios vary systematically from about 4−27%. In these depositions, 
the latter ratio is controlled by adjusting the partial pressures of the Si and Ge molecular 
precursor sources. We find that a considerable excess of Si4H10 as compared to Ge4H10 is 
needed to incorporate target levels of silicon into the growing films in the range of 
4−20%. For instance, maintaining a partial pressure ratio of 2:1 between the Si4H10 and 
Ge4H10 at 300 °C in the gas-phase reactant mixture yields a sample containing 12% Si 
and 85% Ge. This suggests that the Si4H10 and Ge4H10 possess dramatically different 
reactivities. In the case of Ge4H10, some insight into its reactive behavior was provided by 
our prior work in which this compound was used as the source in ultralow temperature 
growth of Ge films.
36
 There we showed, using state-of-the-art first principles 
thermochemistry simulations, that iso-Ge4H10 is the dominant isomer, as compared to the 
―normal‖ (n) and ―gauche‖ (g) analogues, at typical synthesis conditions similar to those 
used in the present work. 
The isomeric speciation predicted theoretically was corroborated by measured gas-phase 
FTIR spectra of the compound, whose main features are very well accounted for using 
the weighted sum of the theoretically calculated isomeric spectra.  
One of the outcomes of equilibrium thermodynamic and reactivity studies of the 
Ge4H10 isomers is that the iso-Ge4H10 compound plays a key role in the film deposition. 
This notion is supported by the isotropic character of its molecular structure and the 
presence of the highly reactive −Ge−H moiety (tertiary site), which represents a facile 
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mechanism for binding the molecule onto the Ge (or Si) substrate surface. The resulting 
−Ge(100)−Ge−(GeH3)3 intermediate is then completely analogous to that proposed
 37
 in 
the reaction of neopentasilane Si(SiH3)4, on silicon to form −Si(100)−Si−(SiH3)3 via 
elimination of SiH4. In view of this analogy, and even conceding the existence of a small 
reactivity difference of iso-Si4H10 and iso-Ge4H10 on a Ge(100) surface (due to the 
slightly stronger Si−H bonds), the requirement of a large excess of the Si4H10 source in 
our film growth is difficult to explain. At the low deposition pressures mentioned above 
(10
−4
 Torr), gas-phase reactions between the Si4H10 and Ge4H10 sources are likely to be 
negligible. Thus, the required Si4H10 excess must be explained by the equilibrium 
thermodynamics of the reactant isomers present at the growth front. For example, a large 
concentration of the n-Si4H10 and g-Si4H10 isomers with reduced reactivities over the i-
Si4H10 might explain the need for large excess of Si4H10 to produce the desired alloy 
compositions. 
 
Table 2. Summary of structural and energetic results for the three Si4H10 isomers.  
 
To examine our conjecture on a more robust footing, we pursued a targeted and 
comparative, first principles thermochemistry study of Si4H10 and its isomers to 
determine their proportions at growth conditions. For consistency, and to facilitate 
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straightforward comparisons with our prior work on the related Ge4H10 molecules,
 36
 we 
here adopt the same quantum simulation methods and theoretical thermochemistry 
procedures. Specifically, all of our calculations are based on density functional theory 
(DFT) as implemented in the Gaussian 03 code,
38
 using the B3LYP hybrid exchange 
correlation functional in conjunction with a standard 6-311G++ (3df,3pd) basis set. All 
static molecular ground-state structures (see Table 2) were converged using an RMS 
force criterion of 10
−6
 (designated using the ―VeryTight‖ keyword in Gaussian 03), 
―ultrafine‖ integration grids (75 radial shells and 203 angular points per atom), and no 
symmetry constraints imposed during optimization. In all cases, the harmonic normal-
mode frequencies calculated for the ground state molecular structures are found to be 
positive definite, indicating that the molecules are dynamically stable. A symmetry 
analysis of our final converged structures yielded C3v, C2h, and C2 point groups for the i-
Si4H10, n-Si4H10, and g-Si4H10 molecules, respectively, which are identical to those 
obtained for the corresponding Ge4H10 species.
36
 
As in the case of the Ge4H10, the Si4H10 bond lengths calculated from our 
simulations are in general excellent agreement with those obtained by other authors, and 
in our prior work and follow expected trends.
39,40
 The shortest Si−Si bond lengths (2.351 
Å) typically occur between −SiH3 and −SiH2− moieties, while slightly longer values 
(2.355 Å) are found between −SiH3 and −SiH−, or adjoining −SiH2− groups. In analogy 
with the Ge analogue, the Si−H bond lengths are also found to follow the expected 
increasing trend 1.483, 1.486, and 1.490 Å for the −SiH3, −SiH2−, and −SiH− moieties, 
respectively. The bond angle trends in these molecules also exhibit systematic patterns 
with typical  Si−Si−Si angles of ~113° among the isomers having a branched character, 
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but a more tetrahedral value of 110.9° in the case of the i-Si4H10 species possessing C3v 
symmetry. The torsion angle among the Si atoms adopts trivial values for the high 
symmetry species and a value of 65° for the g-Si4H10 isomer, close to the typical 63° 
value found in the gauche isomer of butane. We note here that a smaller value of 58° was 
found in our simulation of the corresponding g-Ge4H10 isomer.
 36
 The dipole moments of 
the isomers (listed in Table 2) indicate a maximum value of 0.105 D for the i-Si4H10 
molecule, 0.06 D for g-Si4H10, and a vanishing dipole moment for the n-Si4H10, as 
expected. 
The standard thermochemistry output from Gaussian 03 at T= 298 K and P = 1 atm 
is also summarized in Table 2 and includes the static electronic energy of the Si4H10 
isomers (E0), as well as its thermally corrected counterparts for internal energy (Eth), 
enthalpy (Hth), and free energy (Gth). In analogy with the results for the Ge4H10 isomers
 36
 
the i-Si4H10 species possessing C3v symmetry is found to have the lowest energies (E0, E0 
+ Eth, E0 + Hth, and E0 + Gth), followed by the corresponding higher energies of n-Si4H10 
and g-Si4H10. The distinctions and similarities in the free-energy trends of the Ge4H10 and 
Si4H10 isomers are summarized in Figure 10, where the i-Si4H10 values are used as a 
reference (Ge4H10 values taken from ref 36). The most notable distinction between the 
relative free energies of the Ge4H10 isomers, and their Si counterparts, is the dramatically 
reduced energy separation in the latter, which is comparable to kBT at 300 K (~2.5 
kJ/mol). This implies that the iso-, n-, and g-Si4H10 mixture should be roughly equimolar 
at room temperature. Finally, Table 2 lists the molecular entropies of the Si4H10 isomers 
obtained at T = 298K, which are found to be virtually independent of the isomer species, 
in contrast to the Ge4H10 case, in which the largest entropy was obtained for the n-Ge4H10 
 36 
isomer, due to its larger moment of inertia. An analysis of the rotational and vibrational 
contributions indicates that the total entropies are controlled by rotations in Si4H10 and 
vibrations in Ge4H10. Ultimately, as discussed below, the playoff in the temperature 
dependence of the vibrational and rotational contributions to the free energy leads to 
manifestly different thermodynamic behavior in Si4H10 and Ge4H10 isomers. 
The isomeric mixture in Si4H10 is comprised of linear and gauche conformational 
isomers (n-Si4H10 and g-Si4H10) and the positional isomer i-Si4H10, which is predicted to 
possess the smallest free energy. In our earlier studies of butane-like Si−Ge hydride 
isomeric mixtures,
41
 we introduced the concept of fitting a linear combination of 
calculated isomeric vibrational spectra to the experimental spectrum of a mixture, to 
ascertain the relative proportions in the experimental gas-phase mixture. Here, instead we 
apply an ab initio thermodynamic approach based on free-energy minimization for the 
three isomerization reactions: 
i-Si4H10   n-Si4H10 ΔG
0
R,1 (298 K) = +1.56 kJ/mol                                                    (2.3) 
n-Si4H10  g-Si4H10 ΔG
0
R,2 (298 K) = +0.74 kJ/mol                                                    (2.4) 
g-Si4H10  i-Si4H10  ΔG
0
R,3 (298 K) = −2.30 kJ/mol                                                    (2.5) 
where the reaction free energies are obtained directly from the E0 + Gth data listed in 
Table 2. All thermodynamic functions were obtained assuming ideal gas behavior and 
mixing, and the neglect of possible internal rotor contributions. The automatically 
generated analysis of the latter corrections provided by Gaussian 03 for these molecules 
(and Ge4H10 analogues) identified the related normal modes as involving torsions in the 
molecular backbone, and rotations of the terminal −SiH3 groups. Typical corrections to 
the thermal energy are estimated to be on the order of ~0.1−0.2 kJ/mol at ~300 K, and we 
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note that in the present system similar rotor contributions appear on both sides of the 
reactions listed above (eqs 2.3−2.5), suggesting a significant cancellation of error. 
Accordingly, our analysis below neglects these rotational corrections. 
                                   
Figure 10. (Left panel) Relative Gibbs free energies of Ge4H10 and Si4H10 isomers, indicating a common 
ordering on the energy scale but much smaller energy differences among the Si-based isomers. (Right 
panel) Molecular structures of the Si4H10 isomers. The calculated Si−H bond lengths shown indicate a 
systematic dilation from the −SiH3 to −SiH2, to −SiH, implying that the latter is likely the most thermally 
labile. 
 
Figure 11. (a) Calculated temperature dependence of the Si4H10 (dashed lines) and Ge4H10 (solid lines) 
isomer reaction free energies up to 600 K, and (b) that of the resulting equilibrium mole fractions predicted 
for both Si4H10 and Ge4H10 isomers. Note the predominance of iso Ge4H10 at 300°C as compared to a nearly 
equimolar distribution in Si4H10. (c) Composite room temperature IR spectrum of Si4H10 obtained by 
linearly combining the calculated IR spectra of its isomers according to the predicted equilibrium mixture. 
Scale factors of 0.995 and 0.975 were applied to the calculated spectra in the low- and high-frequency 
regimes, respectively. Theoretical and experimental spectra are oriented upward and downward, 
respectively, as indicated within the plots in part (c). 
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The temperature-dependent equilibrium mixture is described by a simple system of 
(cyclic) coupled equations, described in detail in ref. 36. At 298 K, the equilibrium 
constants obtained from the free energies listed in Table 2 are K
0
P,1 = 0.5329, K
0
P,2 = 
0.7425, and K
0
P,3= 2.5274 yielding isomer mole fractions ni = 52%, nn = 28%, and ng = 
20%. This roughly equimolar distribution of the Si4H10 isomers is dramatically distinct 
from the results obtained for Ge4H10
 36
 in which the same computational methods and 
procedures yielded ni = 85%, nn= 9%, and ng = 6%. This dichotomy can be traced to the 
small calculated free-energy differences among the Si4H10 isomers, in comparison to their 
Ge4H10 counterparts. Additional insight is afforded by examining the temperature 
dependence of the reaction free energies, which is obtained here by re-evaluating the 
thermochemistry for reactions 2.3−2.5 over the appropriate range of 200−600 K, because 
this includes our deposition conditions of 285−320°C. The resulting thermodynamic 
behavior is summarized in Figure 11, which shows plots of the isomerization reaction 
free energies for Si4H10 as well the corresponding results for Ge4H10 (taken from ref. 36). 
We note in Figure 11b that while ordering in the reaction free energies for both Si4H10 
and Ge4H10 is qualitatively the same (ΔGr[i→n] >ΔGr[n→g] > ΔGr[n→g]) over the 
indicated temperature range, their rates of change with temperature are typically opposite 
in sign (where the Ge species increase the Si decreases and vice versa). In particular, the 
model predicts that at the growth conditions, an equimolar mixture of Si4H10 and Ge4H10 
contains twice as much of the reactive i-Ge4H10 isomer in proportion to its i-Si4H10 
counterpart. This reduction in the availability of the most reactive Si source may partially 
account for the observed excess in Si4H10 needed to achieve the desired GeSiSn film 
compositions. 
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To validate the simple thermodynamic model above, we next attempt to reproduce 
the observed room temperature IR spectrum of Si4H10 by combining the calculated 
spectra of i-Si4H10, n-Si4H10, and g-Si4H10 in the 52%, 28%, and 20% proportions 
predicted by the equilibrium calculation above. As shown in Figure 11c, where the 
theoretical and experimental spectra are oriented upward and downward, respectively, the 
plots indicate that the equilibrium molar fractions account well for the principal character 
(frequencies and intensities) of the corresponding experimental spectrum. Most 
importantly, and in contrast to Ge4H10,
36
 we find that the observed spectrum cannot be 
accounted for theoretically using any individual isomer spectrum alone. Change in the 
proportions of as little as ~5% among the isomeric contributions produces large 
discrepancies in the intensity ratios between the calculated and experimental spectra. In 
the case of Si4H10, several of the low frequency features (<800 cm
−1
) in the IR spectrum 
can be clearly assigned to a specific isomer, as indicated in the plots using the 
designations ―i‖, ―n‖, and ―g‖. On the other hand, the most intense vibrations (~870 
cm
−1
) exhibit almost the same (common) frequency in all three isomer gas-phase species. 
D. Device Fabrication and I-V Characteristics 
Photodiodes were fabricated with compositions listed in Table 1 using previously 
developed procedures for related GeSn IR devices.
19,42
 The above were processed as-
grown with no further thermal treatments as typically employed by previous workers to 
improve defect microstructure in related materials.
19
 Devices are produced in a circular 
mesa geometry by etching the surrounding material down to the p-type Ge wafer (~6 × 
10
17
/cm
3
). The top and bottom metal contacts consist of annular Cr/Au layers with 
thickness of 20/200 nm. A 100 nm thick SiO2 coating is first deposited. The mesas are 
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then patterned via photolithography and etched by reactive ion plasma using BCl3. They 
are subsequently passivated with a 100 nm-thick SiO2 antireflective coating deposited by 
plasma enhanced CVD (PECVD). Metal contact pads are then defined using the AZ5214 
resist, and the samples are baked at 115 °C for 90 s to facilitate metal lift-off. The SiO2 
layer in the contact areas is removed by a buffered oxide etchant, and the metals are 
deposited via e-beam evaporation. The formation of electrical pads is finalized by lift-off 
in acetone, and the resultant devices are finally cleaned in oxygen plasma. 
Current−voltage (I−V) measurements were performed on mesas with diameters 100, 
200, 300, 500, and 1000 µm, and their respective dark currents were determined at a 
nominal bias of −1 V. Figure 12 (top) shows representative I−V plots for a 
Ge0.925Si0.063Sn0.012 sample indicating remarkably low dark current densities of ~1 × 10
−3
 
J(A/cm
2
), which are essentially independent of the device size. Figure 12 (bottom) 
compares a representative set of current densities as a function of concentration. The 
magnitudes of the dark currents in this case very slightly increase from 1 × 10
−3
 to 2 × 
10
−3
 J(A/cm
2
) with Si/Sn content. Alloy devices with 1−2% Sn content exhibit lower 
ideality factors at n = 1.1−1.2 than 3−5% analogues, which show values in the n = 
1.3−1.4 range. 
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Figure 12. Current density curves for GeSiSn photodiodes. Top panel shows the plots of 
Ge0.925Si0.063Sn0.012 devices with diameters ranging from 100 to 1000 µm. The bottom panel compares the 
curves obtained from selected samples measured from 300 µm mesas, indicating lower dark currents 
relative to Ge on Si devices with similar geometries.19 
 
We note that the above device dark currents are much lower than those of Ge and 
GeSn on Si(100) counterparts by at least an order of magnitude.
19
 They are also reduced 
from those observed in our Sn-doped Ge materials and diluted Ge1−ySny alloys [5 × 10
−2
 
J(A/cm
2
)].
42
 The lower dark current in GeSiSn can be attributed to its higher fundamental 
band gap, the structural perfection of the film/substrate interface, and the superior crystal 
quality. In the case of Ge or GeSn grown on Si(100), the lattice mismatch produces misfit 
dislocations of which some cores propagate into the bulk layer as deleterious threading 
defects. This effect seems to be removed in the ternary system, in which lattice matching 
between the GeSiSn and the underlying Ge can be readily achieved for Si/Sn ratios in the 
vicinity of 3.7. 
 
 42 
Arrhenius plots of the dark current densities as a function of temperature were used 
to estimate their activation energies for a series of voltage measurements conducted 
between 0.5 and 2.0 V. The data for a Ge0.925Si0.063Sn0.012 device are illustrated in Figure 
13, which shows that for the above bias range these energies span from 0.578 to 0.478 eV, 
respectively. The low voltage value is significantly higher than Eg/2, where Eg is the 
fundamental band gap for this alloy, estimated to be close to ~0.70 eV following the 
procedure described in ref 30. The corresponding activation energies at −0.5 V for 
Ge0.913Si0.072Sn0.015, Ge0.886Si0.094Sn0.02, Ge0.84Si0.13Sn0.030, Ge0.78Si0.18Sn0.04, and 
Ge0.75Si0.20Sn0.05 are found to be 0.524, 0.557, 0.524, 0.493, and 0.486 eV, respectively, 
which are also higher that the expected values of Eg/2 for these. These results suggest 
that the dark current is not completely dominated by Schottky-Read-Hall recombination 
but has a significant diffusion component as well, underscoring the high crystal quality of 
the ternary alloy layers in all samples studied to date, regardless of composition and 
intrinsic layer thickness. 
                      
Figure 13. Arrhenius plots of the dark current densities at selected reverse bias values for the 
Ge0.925Si0.063Sn0.012/Ge diode. The activation energies are obtained from the slopes of the lines. 
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E. Optical Response and Direct Gap Determination 
The spectral response of the fabricated devices was measured using 
monochromatized light originating from a tungsten halogen lamp. The light was 
modulated with a mechanical chopper and then transmitted onto the SiO2 diode window 
using an optical fiber equipped with a focusing lens whose spot size (30 µm) is 
significantly smaller than all measured devices. The resultant photocurrent induces a 
voltage on a 100 Ω resistor that was measured by a lock-in amplifier. The voltage and 
resistance were then used to calculate the photocurrent, which was divided by the power 
of the incident light to obtain the responsivity R. 
              
Figure 14. External quantum efficiency (EQE) and its derivative (red and blue curves, respectively) as a 
function of energy for a heterostructure diode with composition Ge0.78Si0.18Sn0.04 measured at zero bias. The 
data show the absorption edges for the Ge substrate at 1590 nm and the epilayer at 1230 nm. The vertical 
lines indicate the position of the direct gap, determined as discussed in the text. 
 
Figure 14 shows the spectral dependence of the external quantum efficiency (EQE) 
of a Ge0.78Si0.18Sn0.04 sample measured from a device 300 µm in diameter at 0.0 V bias 
[EQE = 1240 nm × R/λ (nm)]. The two absorption edges at 1590 nm (0.78 eV) and 1230 
nm (1.02 eV) nm are assigned to direct-gap absorption in the Ge substrate and alloy 
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epilayer, respectively (the direct gap E0 in bulk, intrinsic Ge is at 0.805 eV at room 
temperature; the small downshift in our sample is due to band gap renormalization in the 
highly doped Ge wafer). The significant photoresponse observed in this case is attributed 
to the improved crystallinity of the material grown directly on bulk Ge under pseudo 
homoepitaxy conditions. The signal of the plot is significantly reduced beyond 1600 nm 
because only indirect absorption in Ge can contribute to the photocurrent. The EQE 
becomes essentially zero at 1800 nm, near the fundamental Ge band gap. 
 
Figure 15. (left) Normalized responsivity versus wavelength plots of heterostructure diodes with Sn 
contents of 1−4% measured at zero bias. The absorption edge is found to shift to lower IR wavelengths by 
simultaneously increasing Sn and Si incorporation over a very narrow composition range. The % values on 
each curve refer to the Si and Sn contents, respectively. (right) EQE plots comparing the absorption edges 
of several selected GeSiSn samples in which increasing the Sn at fixed Si content reduces the gap while 
keeping Sn constant and increasing Si results in a significant opening of the gap. 
 
Figure 15 shows EQE versus wavelength plots comparing the optical response of 
photodiodes containing ~1−4% Sn. The plots were derived from photocurrent 
measurements made on devices with mesa size 300 µm in diameter at 0.0 V bias. The 
peak maxima were normalized to facilitate comparisons of the responsivity among 
devices with varying active layer thickness from 0.5 to 1 µm depending on composition. 
The Ge wafer photoresponse is not shown here to emphasize minor shifts of the 
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absorption peaks as a function of alloy composition. In general, the plots show that the 
simultaneous increase of Sn (1−4%) and Si (6−18%) while keeping the Si/Sn ratio at 4 ± 
1 produces a systematic and significant shift of the absorption wavelength by ~200 nm 
within this range. For example, in the case of the Ge0.925Si0.063Sn0.012 and 
Ge0.913Si0.072Sn0.015 samples, their absorption edges (on the left panel) are clearly resolved 
given the very slight difference in their respective stoichiometries, providing unequivocal 
evidence that the simultaneous incorporation of Si and Sn produces a measurable opening 
of the band gap. In contrast, the plots for samples Ge0.84Si0.13Sn0.03 and Ge0.83Si0.13Sn0.04 
(at right panel) show that increasing the Sn at fixed Si content reduces the gap while 
keeping Sn constant and increasing Si leads to significant opening of the gap, as in the 
case for the Ge0.78Si0.18Sn0.04 and Ge0.83Si0.13Sn0.04 sample pair. In this regard, the latter 
effect is also observed for the Ge0.900Si0.08Sn0.02 and Ge0.886Si0.094Sn0.02 samples (left 
panel) in which a slight increase in Si (from 8% to ~10%) while keeping Sn constant 
(2%) produces the expected trend of decreasing wavelength. These findings indicate that 
small changes in the Sn content have a profound and systematic effect on the 
optoelectronic properties of the material and suggest that the tunability of the responsivity 
is highly precise, representing a powerful new design tool in the development of devices 
with targeted optoelectronic properties. 
F. Direct Gap Dependence on Composition 
In this work, we determined the direct band gap E0 of the Ge1−x−ySixSny alloy using 
a simple procedure, which allows for a straightforward determination of the direct 
absorption threshold. We compute numerically the energy derivative of the EQE, and we 
fit the resulting line shape with a Gaussian. An example of the derivative spectrum is 
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shown as a blue trace in Figure 14. We find that this method gives values of E0 in 
excellent agreement with earlier ellipsometric determinations of the band gap.
23
 The 
energies extracted from our derivative fits are corrected for minor residual strain effects 
using the measured strain from our X-ray data and deformation potentials from ref 27. 
The corrected values are shown (as ●) in Figure 16 as a function of the non-Ge fraction X 
= x + y. The strain shifts are very small, ranging from 2 meV to a maximum of 10 meV. 
In applying this correction, it is assumed that the absorption is dominated by transitions 
from the heavy-hole band. The systematic error associated with this assumption is 
estimated to be on the order of 1 meV. The error bars on the data in Figure 16 are mostly 
smaller than the size of the circles in the figure. 
         
Figure 16. Direct gap E0 energies in Ge1−x−ySixSny alloys as a function of the non-Ge fraction X = x + y. 
Solid black circles correspond to experimental data. The blue squares represent the prediction from eq 2.6. 
The red circles are the results from a bilinear (in x and y) fit of the experimental energies shown in eq 2.7. 
The red line is the prediction from eq 2.7 for the case of exact lattice match between GeSiSn and Ge. 
 
In earlier work, we wrote the compositional dependence of the E0 gap in 
Ge1−x−ySixSny alloys as
 27
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E0(x,y)= E0
Ge
z + E0
Si
x + E0
Sn
y – bGeSixz – bGeSnyz – bSiSnxy                                          (2.6) 
where z = 1 − x − y, E0
Ge
, E0
Si
, and E0
Sn
 are the E0 gaps in Ge, Si, and α-Sn, respectively, 
and the b’s are the bowing parameters in the corresponding binary alloy systems. This 
expression neglects the contribution of ternary-specific terms in the polynomial 
expansion of the band gap energy, such as those proportional to xyz. Its validity can be 
tested experimentally by performing measurements in the three binary alloy systems. In 
our case, however, the Si1−ySny alloy is very poorly known, and the compositional 
dependence of its E0 gap has not been measured. Thus, eq. 2.6 was fit to Ge1−x−ySixSny 
data in ref 23 using b
SiSn
 as an adjustable parameter, and it was shown that a reasonable 
good fit of the data was obtained using b
SiSn
 = 13.2 eV. The remaining parameters in eq 
2.6 are known from work on binary alloys and elemental semiconductors,
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 and in Figure 
16 we show as blue □ the resulting prediction using the above value for bSiSn and E0
Ge
 = 
0.803 eV, E0
Si
 = 4.093 eV, E0
Sn
 = −0.42eV, bGeSn = 2.2 eV, and bGeSi = 0.21 eV. We 
notice that the predicted energies follow the experimental trend quite well, but there is a 
systematic upward shift of about 75 meV with respect to the observed values (solid 
symbols). The discrepancy is due to the fact that in ref 23, eq. 2.6 was fit to the data over 
a very broad range of compositions with X < 0.6, whereas in the present work the data 
points cover a much narrower range 0.06 < X < 0.2. As indicated above, our new data 
(solid symbols in Figure 16) overlap very well with the ellipsometric data in ref 23 (not 
shown here) over the same compositional range, leading to the conclusion that the 
observed ~75 meV deviation is not a systematic error that can be attributed to the 
different experimental techniques used to measure E0, but is rather a limitation of eq. 2.6 
and/or the parameters used for that expression in Figure 16. We already noted in ref 23 
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that very large bowing parameters, such as b
SiSn
, tend to be compositional dependent, and 
this could be the reason for the discrepancy. Concurrently, the neglect of third- or fourth-
order terms in the polynomial expansion may not be entirely justified. The elucidation of 
this problem will require additional measurements over a broad compositional range as 
well as a detailed study of the binary alloy Si1−ySny. Very thin (<30 nm) films of Si1−ySny 
have been demonstrated on GeSn-buffered Si using Si3H8 and SnD4 precursors.
43
 The 
introduction of higher-order silanes may represent an opportunity to grow thicker films 
suitable for detailed studies of their optical properties. 
Because of the practical importance of GeSiSn alloys with the range of 
compositions used in this chapter, in ref 34 we have also fit the measured E0 values with 
a purely empirical expression that is bilinear in the Si and Sn compositions. Following 
the same procedure with our extended set of samples, we now obtained (in eV): 
E0(x, y) = 0.803 + (1.86 ± 0.34)x − (2.40 ± 1.4)y                                                          (2.7) 
We notice that the linear terms in eq 2.6 are E0
Si
 − E0
Ge
 − bGeSi =3.08 eV and E0
Sn
 − E0
Ge
 
− bGeSn = −3.42 eV. The predictions from eq 2.7 for our samples are also plotted as empty 
circles (red ○) in Figure 16, and we see that their agreement with experiment is excellent. 
However, given the entirely empirical nature of the bilinear expression (eq 2.7), it is not 
possible to assess its validity outside the Sn and Si compositional ranges explored in this 
work. For completeness, we also show in Figure 16, as a solid line, the prediction from eq 
2.7 for GeSiSn alloys exactly lattice-matched to Ge. 
G. Conclusion 
In summary, a series of Ge1−x−ySixSny photodiodes was grown on conventional Ge 
wafers using a specially developed CVD approach based on ultralow temperature 
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depositions of highly reactive Ge4H10, Si4H10, and SnD4 hydrides. Ab initio 
thermochemistry calculations using Gaussian 03 indicate that an equimolar mixture of 
Si4H10 and Ge4H10 contains about twice as much of the reactive i-Ge4H10 isomer in 
proportion to its i-Si4H10 counterpart, in qualitative agreement with the experimental 
observation that an excess in Si4H10 is needed to incorporate target amounts of silicon. 
Devices with compositions ranging from 5% to 20% Si and 1−5% Sn were fabricated and 
found to exhibit a clear and systematic shift in responsivity to higher IR energies relative 
to Ge, from 0.87 to 1.03 eV, while preserving the benefit of nearly strain-free lattice 
matching to bulk Ge. The latter has afforded superior microstructure in the as-grown 
devices, leading to the generation of low dark currents with a significant diffusion 
component, and enhanced responsivities relative to previous Sn-based group IV devices 
grown on Si. The results are particularly encouraging for photovoltaic applications of the 
ternary Ge1−x−ySixSny alloy, especially in the case of high efficiency multijunction 
designs requiring ~1 eV gap materials lattice-matched to the Ge platform. Finally, the 
development of analogous Ge1−x−ySixSny devices integrated on low cost Si wafers is 
envisioned by using intermediate Ge buffers to mitigate the impact of mismatch defects 
on diode performance. 
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CHAPTER 3 
SYNTHESIS AND OPTICAL PROPERTIES OF GE1-X-YSIXSNY ON SI WITH Y>X 
A. Introduction 
Text and figures of this chapter were reprinted with permission from C. Xu, R. T. Beeler, 
L. Jiang, J. Gallagher, R. Favaro, J. Menéndez and J. Kouvetakis, in press, Thin Solid 
Films, 2013, Copyright (2013) Elsevier B.V; and  from C. Xu, L. Jiang, J. Kouvetakis 
and J. Menendez, Applied Physics Letters 103, 072111, 1-4 (2013), copyright (2013) AIP 
Publishing LLC. 
 
In the previous chapter, I presented the synthesis and device studies for Ge1-x-
ySixSny materials with relationship x/y ~3.7, which are lattice matched to Ge. These 
materials exhibited defect-free crystal quality and tunable direct band gaps above that of 
Ge, but none of them showed photoluminescence. In this chapter, we pursue Sn-rich Ge1-
x-ySixSny materials (with the relationship y>x) to induce direct gap behavior by 
progressively increasing the Sn content while maintaining the Si content fixed between 3-
4%. 
GeSn alloys are of interest because they become direct-gap materials via 
substitution of modest Sn concentrations into the Ge lattice.
44
 The systematic increase of 
Sn content reduces the Γ-L valley separation, leading to a gradual change-over from 
purely indirect character to one in which the direct behavior become progressively more 
pervasive, culminating with a crossover to a fully direct gap system. Photoluminescence 
(PL) and photocurrent spectroscopy are potent methods for tracking the evolution of this 
progression. A shift of the emission peaks and absorption edges to longer wavelengths 
provides a direct measure of the band gap lowering, while an increase in PL peak 
intensity reflects the buildup of the electron/hole population in the critical point valleys. 
In practice, material deficiencies and imperfections in the GeSn system have a dramatic 
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impact on the quality of the PL signal, and can even preclude a clear interpretation of the 
materials' optoelectronic properties. The inherent metastability of GeSn alloys increases 
with Sn concentration above the 2–4 at.% range, resulting in phase segregation, 
depending on the specific composition.
18,25,26,45,46
 
The limitations of the Ge–Sn system can be mitigated by the incorporation of Si, 
which is chemically and structurally compatible with the GeSn lattice. In fact, we have 
previously shown that Ge-rich GeSiSn alloys are significantly more thermally stable than 
their GeSn counterparts with a similar Sn content.
32
 However, on the basis of the Si 
fundamental properties it has been shown that its incorporation into GeSn will increase 
the energy of the direct gap, thereby reducing the resulting GeSiSn material ability to 
emit light (Figure 17). Fortunately, the interplay between lattice constant (molar volume), 
electronic gaps, thermal stability and material quality can be controlled and optimized by 
tuning the composition to design target materials with quasi-direct gap behavior. This 
daunting problem can be simplified by eliminating one or more variables from the 
parameter space above. For example the Si/Sn ratio can be judiciously adjusted to 
maintain a fixed molar volume (lattice constant), thereby providing the means to tune the 
optical gaps without a strain penalty. We have demonstrated this decoupling 
systematically and routinely by adopting a Si/Sn ratio of ~3.7 which gives a lattice 
constant equal to that of Ge.
23,27,47
 Unfortunately, none of the materials obtained by 
simultaneously increasing the Si and Sn in this proportion exhibits PL. We note that this 
cannot be ascribed to poor intrinsic material quality since the same observation holds for 
perfectly crystalline and defect-free device quality samples grown lattice-matched to Ge 
wafers. Moreover, prototype photodiodes made from GeSiSn exhibit lower dark currents 
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and superior quantum efficiencies than state-of-the-art Ge and GeSn devices with similar 
architectures.
30,34,48-51
 These results suggest that a suitable adjustment in compositions, in 
particular an increase in Sn content (Si/Sn<<4), may yield systems that exhibit direct gap 
PL without compromising the material stability conferred by the presence of Si in the 
lattice. 
                            
Figure 17. Calculated electronic-character diagram of SiGeSn alloys mapping the electronic structure vs. 
Si/Sn concentration. The white line designates the composition with Si/Sn ratio near 3.7 needed to exactly 
match the Ge lattice constant. The electronic parameters used to draw the figure were taken from Ref. 30. 
 
The objective of our work in this chapter is to identify Sn-enriched GeSiSn systems 
that are good light emitters. Based on the calculated phase diagram shown in Figure 17, 
we consider two possible strategies for generating samples to study the effect of the Si 
and Sn content on the light emission properties of Sn-enriched GeSiSn. In the first 
approach, which represents the most practical method from a synthesis perspective, we 
fix the Si content at ~1–2% and systematically increase the Sn fraction between 2 and 5% 
to induce PL emission in a Ge-rich regime. The aim here is to demonstrate the viability 
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and validity of this concept. If successful the study can be easily repeated for higher Si 
compositions in the range of 3–4%, which would also require a concomitant increase of 
the corresponding Sn faction in the 5–10% range, thereby tracking the indirect to direct 
phase boundary in the Si/Sn composition space, as seen in the diagram of Figure 17. It is 
interesting to point out that all these materials are highly mismatched to the Si substrates. 
Nevertheless, we have shown that the target compositions are readily achievable and that 
the resulting layers exhibit sufficient crystalline quality to enable PL detection. Here we 
found that for fixed Si at ~1–2%, an onset of significant PL emission is observed upon 
crossing this boundary at 2% Sn. Furthermore, this study explores PL emission from a 
wide range of Ge1−x−ySixSny films with y > x (x = 0.01–0.04, y = 0.02–0.10) grown 
directly on Si substrates. In all cases we observe emission peaks that are assigned to the 
direct gaps of the alloys. For all y > x samples the band gap can be systematically tuned 
below that of Ge at E0 = 0.80 eV over a broad wavelength range in the near IR by 
adjusting the Si and Sn concentration in the alloy. Similarly, responsivity measurements 
from Ge1−x−ySixSny diodes with y > x reveal absorption edges well below that of pure Ge. 
Thus this class of materials represents an alternative technology to Ge1−ySny or tensile-
strained Ge for long wavelength optoelectronic applications. 
B. Experimental Details 
The samples were synthesized using two distinct methods, each providing optimal 
quality material having distinct ranges of low (2–4%) and high (5–10%) Sn contents. The 
first method utilized a single-wafer gas-source Molecular Beam Epitaxy (GSMBE) 
reactor as described in chapter 2 and combinations of tetrasilane (Si4H10), tetragermane 
(Ge4H10) and stannane (SnD4) chemical sources to yield dilute alloys with compositions 
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of 2–4% Sn and 1–2% Si, grown between 280 and 260°C, respectively. The resultant 
layers exhibited high quality microstructure and suitable thicknesses near 500 nm to 
facilitate light emission. However, limitations of this method were encountered in the 
growth of films with higher Sn contents above 5%. Here the conditions needed to 
systematically increase both Si and Sn contents while maintaining reasonable growth 
rates were outside of the optimal window afforded by the reactor geometry. This 
prompted us to adopt both an alternative set of reactive sources (Si4H10, Ge3H8, and 
SnD4) and a conventional Ultra-High Vacuum Chemical Vapor Deposition (UHV-CVD) 
technique, which was routinely used in prior work to synthesize GeSn binary alloys.
 36
 In 
this arrangement the reactant species undergo additional activation by a preheating 
treatment before reaching the reaction zone to initiate crystal growth, thus leading to the 
formation of highly concentrated layers with compositions of 5–10% Sn and ~3–4% Si 
between 330 and 290°C, respectively. This synthetic pathway also allows access to a 
wider range of temperatures, pressures and gaseous feedstock concentrations (Ge3H8 has 
a vapor pressure of 2.9 kPa, much higher than the Ge4H10 vapor pressure of 200 Pa) than 
those available via the GSMBE method. This flexibility in turn enables improvements in 
crystallinity due to the higher temperatures employed, and significantly enhances the 
control of growth rate, thickness and film morphology. Most importantly, in almost all 
cases the gas phase composition reflects closely the stoichiometry of the GeSiSn solid, 
indicating both precise composition control and high deposition efficiency, since all three 
molecular sources appear to have fully reacted. Finally, the replacement of Ge4H10 by the 
commercially available Ge3H8 analogue streamlines the process and makes it feasible for 
widespread applications. The use of Ge3H8 expands the suite of previously developed 
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chemical sources that collectively produce GeSiSn materials over a broader 
compositional range in the Sn-rich regime than obtained to date. 
The chemical reactions used to produce dilute samples in the GSMBE reactor (2–
4% Sn and 1–2% Si) were carried out using protocols and experimental procedures 
similar to those described in chapter 2 for the fabrication of related GeSiSn-on-Ge 
samples. Briefly, all deposition was conducted directly on RCA-cleaned Si(100) wafers 
with 10-cm diameters exhibiting nominal resistivities of 10 Ω·cm. Prior to growth the 
substrates were dipped in HF/methanol to hydrogen-passivate the surface, loaded into the 
chamber, outgassed at 500°C, and then flashed at 850°C to remove residual surface 
contaminants. The Si4H10 reactant was obtained from Voltaix Corp as a mixture of 
bridged and normal isomers in 20% and 60% proportions, and was used as received. The 
Ge4H10 and SnD4 co-reactants were prepared using literature methods and rigorously 
purified to ensure electronic grade quality. For a typical deposition, stock mixtures of the 
above reactants were prepared by combining appropriate molar amounts in a 3-liter 
container in a manner that permits precise control of the alloy atomic content. In all cases 
the partial pressures of Ge4H10 and Si4H10 were kept constant at 200 Pa and 67 Pa, 
respectively, while the pressure of SnD4 was carefully adjusted to achieve the target Sn 
content in the layers reproducibly. Note that a ~2 fold excess of Si4H10 relative to Ge4H10 
was typically found necessary to obtain the nominal ~1–2% Si content of interest, owing 
to the difference in reactivity between the sources. In all cases the reaction mixtures were 
diluted with H2 at a total final pressure of 4 kPa and were introduced into the reactor 
through the injection manifold using a leak valve to initiate crystal growth. The reaction 
pressure was maintained at ~0.1 Pa throughout the experiment via dynamic pumping. The 
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duration of each experiment was typically 60 min, yielding smooth, mirror-like films 
with thicknesses of 450–600 nm. The average growth rate was found to vary between 5 
and 6 nm/min in the 260–280°C range. 
           
Figure 18. (Left) RBS spectra of Ge0.956Si0.01Sn0.034 film exhibiting thicknesses of ~600 nm. The sample 
composition is derived from a fit of the spectrum using the program RUMP. The aligned spectrum (dotted 
line) indicates a high level of epitaxial alignment in the crystal and complete substitutional incorporation of 
the atoms in the lattice consistent with single phase material. (Right) HR-XRD (004) plot and 224 
reciprocal space map of the above sample. The relaxation line passes near the HR-XRD peak maximum 
indicating a mostly relaxed strain state. 
 
Post-growth analysis by Rutherford Backscattering (RBS) was conducted to 
measure the elemental content and also provide an initial assessment of the layer 
crystallinity using ion channeling. The RBS measurements were carried out using 2 MeV 
He
++ 
ions with 10
5
 rotating random counts, collected in the Cornell geometry. Figure 18 
shows typical results. The random spectra showed ~1–2% Si contents in all samples 
regardless of thickness, with a significant margin of error of 0.3% in all cases. The 
aligned spectra indicated single-crystal structures possessing a high degree of epitaxial 
commensuration with the underlying Si wafer, irrespective of Sn concentration. High-
resolution X-ray diffraction (HR-XRD) measurements of the (004) peaks and (224) 
reciprocal space maps were employed to study the structure, strain state and in-plane 
alignment of the samples. The cubic lattice constants were obtained and used to 
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determine the film stoichiometry in conjunction with Vegard's law.
52
 The as-grown layers 
were found to exhibit residual compressive strains on the order of 0.10–0.275% across 
the 2.0–4.2% Sn composition range. The strains were then relaxed, or in some cases 
slightly over-relaxed, via interface defect generation by subjecting the samples to rapid 
thermal annealing (RTA) in a high-purity nitrogen atmosphere up to 650°C for 2–3% Sn 
and 600°C for 4% Sn compositions. The RTA treatment produced a significant narrowing 
of the full width at half maximum of the (004) rocking curve, from 0.5°–0.6° down to the 
0.17°–0.25° range, depending on the specific layer stoichiometry and thickness. No 
evidence of Sn precipitation was observed either in the as-grown or RTA-treated samples. 
However, for annealings at much higher temperatures we see a worsening of the RBS 
channeling, especially near the surface, and a distortion of the lineshape of the HR-XRD 
peaks. These may indicate the onset of Sn precipitation. Figure 18 (right panel) shows 
HR-XRD plots for a representative sample with thickness of ~600 nm after post-RTA 
processing, indicating a marked improvement in the crystallographic alignment of the 
epilayer with the Si(100) substrate, as evidenced by the vanishing strain and substantially 
narrow width of the rocking curve (not shown). Complementary Scanning Transmission 
Electron Microscopy (STEM) studies (using a JEOL JEM 2010F, 200 kV operating 
voltage microscope) reveal perfectly epitaxial and completely monocrystalline layers 
with flat surfaces, as illustrated in Figure 19 for a ~400 nm thick film with composition 
Ge0.97Si0.01Sn0.02. The micrographs typically show ensembles of threading defects that 
originate near the interface and penetrate upward into the epilayer. The concentration of 
these features is substantially reduced upon judicious thermal annealing. The high 
resolution images show a distinct transition at the film/substrate interface, indicating no 
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discernible intermixing, and also reveal edge-type misfit dislocations accommodating the 
lattice parameter differential between two materials. 
                           
Figure 19.  STEM micrographs of a 400 nm thick Ge0.97Si0.01Sn0.02/Si(100) sample. The Z-contrast image 
shows a flat surface and a uniform contrast microstructure indicating a single-phase material. The high 
resolution image (inset) reveals a sharp transition between the film and the Si wafer. 
 
The UHV-CVD depositions used to produce the concentrated samples (5–10% Sn 
and ~3–4% Si) were conducted on high resistivity Si(100) wafers between 310 and 
290°C. The substrates in this case were also chemically cleaned using the above 
procedures, loaded onto a quartz boat and then inserted into the reactor via a load lock 
under a stream of high purity H2. The reactor was preheated and kept at growth 
temperature under a dynamic ambient of H2 (0.1 Pa) to ensure a clean Si surface. Prior to 
growth the H2 pressure was increased to ~25 Pa and stabilized. Immediately thereafter 
stoichiometric mixtures of Ge3H8, Si4H10 and SnD4 co-reactants were introduced into the 
chamber and allowed to flow over the substrate, initiating the deposition process. In all 
cases we find that the Sn, Ge and Si fractions in the films directly correlate with the 
corresponding gas phase atomic content of the reactants dispensed in the growth 
experiment. 
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As an example of the above correlation, samples with observed Si and Sn contents 
of 3 and 5.5%, respectively, were produced using stock mixtures of ~500 Pa SnD4, 2.8 
kPa Ge3H8, and 85 Pa Si4H10 combined in a 1-liter container and diluted by 100 kPa of H2. 
In this case the atomic fractions in the gas phase mixture are 0.910 Ge, 0.056 Sn and 
0.034 Si, which closely match theGe0.915Sn0.055Si0.03 film composition measured by RBS. 
The same outcome is observed for 10% Sn samples, in which the gas phase and solid 
state compositions are 0.873 Ge, 0.096 Sn and 0.031 Si and Ge0.875Sn0.10Si0.025 
respectively. For all materials we find that the RBS Si content is consistently lower by an 
amount of 0.1–0.5% in the film than in the reaction mixture. This may be due to either 
errors in the RBS measurements due to the low atomic number of Si, inherent limitations 
of partial pressure measurements in the mixture, or lower reactivity of the silane source 
relative to the Ge and Sn counterparts (here it may be worth noting that the X-ray results 
give Si concentrations about 1% higher than RBS, which is more in line with the gas 
phase stoichiometries). In general it appears that across the entire 5–10% compositional 
range the transfer of Ge, Si and Sn atoms from the gas into the solid product is perfectly 
controllable, allowing even near-exact stoichiometries to be targeted and realized. Overall 
this indicates a highly efficient and reproducible process for growing GeSiSn alloys. 
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Figure 20. (Left) RBS spectra of 600 nm thick Ge0.88Si0.03Sn0.09 film. The aligned spectrum shows a high 
degree of channeling consistent with the full substitutionality of the three elements in the cubic structure. 
(Right) HR-XRD plots of above sample. The 2θ–ω plots show sharp 004 peaks corresponding to the 
epilayer and substrate. (Inset) 224 reciprocal space map showing that the SiGeSn peak maximum lies 
below the relaxation line (double arrow) indicating a compressive strain. 
 
A typical deposition proceeds for 1.5 h, yielding films with thicknesses of 450–600 
nm at an average growth rate of 6–6.5 nm per minute. RBS analysis was used to estimate 
the above thicknesses. The 2 MeV RBS spectra showed distinct signals corresponding to 
Sn and Ge (see Figure 20) which were fit to give 5–10% Sn and ~3–4% Si for all samples 
grown between 310 and 290°C. The channeled spectra indicated single-phase mono-
crystalline structures in epitaxial registry with the underlying Si substrate. HR-XRD was 
used to measure the lattice dimensions and the strain properties of the films. The relaxed 
cubic lattice parameters were found to increase smoothly from5.694Å to 5.755Å in the 5–
10% Sn composition range, as expected. The as-grown films were found to possess 
residual compressive strains of 0.4–0.5%, which were partially relaxed by rapid thermal 
annealing. The 5–6% Sn samples were annealed at 550–575°C for 10 s twice, resulting in 
a significant reduction in the strain state from 0.4% down to 0.13%. The more 
concentrated 8–10% Sn films were only heated to 500–450°C for 10 s. In this case 
substantial strain values of ~0.4–0.5% remained after RTA processing. Figure 20 shows 
2θ–ω plots and reciprocal space maps of the 004 peak and 224 reflections of a 
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Ge0.88Si0.03Sn0.09 sample, indicating that the alloy possesses a 0.5% compressive strain as 
a result of the increased mismatch between the alloy and the Si substrate and the lower 
final annealing temperature. 
C. Photoluminescence and Analysis of Band Gaps 
Photoluminescence experiments were performed at room temperature by exciting 
the samples with 400 mW of 980 nm radiation. The emitted light was collected with a 
140 mm single-stage spectrometer (Horiba micro-HR) equipped with 600 grooves/mm 
gratings blazed at 2 lm, and an extended InGaAs detector with a cutoff near 2400nm. A 
long-pass filter with an edge at 1400 nm was used to block the photoluminescence from 
the Si substrate as well as the laser light, which otherwise appears as a very strong peak at 
2 980 nm. The system’s spectral response was calibrated with a tungsten-halogen lamp, 
and appropriate corrections were applied to all measured spectra. 
Figure 21 shows the photoluminescence spectrum from a Ge0.968Si0.012Sn0.020 sample. 
The spectrum peaks at 1650 nm. Based on the similarity with the lineshape of 
photoluminescence spectra from Ge or Ge1-ySny films on Si,
53
 we assign the observed 
peak to direct gap emission from the Ge0.968Si0.012Sn0.020 alloy. Even though the lowest 
band gap of this material is not expected to be direct at these concentrations,
 27
 the 
emission spectrum can be dominated by direct gap recombination for the same reasons 
that direct gap transitions dominate the emission spectrum of Ge and Ge1-ySny alloys, 
namely the lack of self-absorption in thin films and the enhancement of non-radiative 
recombination at the interface with Si, which preferentially suppresses the indirect gap 
emission.
54
 A key requirement for this peculiar behavior is that the direct gap should lie 
only slightly above the indirect edge, as in Ge. This may explain why we are able to see 
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photoluminescence from y > x ternary alloys but have so far failed to see a 
photoluminescence signal from alloys lattice matched to Ge with x ~3.7y. In the latter 
case, the separation between the direct and indirect edges may become too large for the 
observation of direct gap photoluminescence.      
             
Figure 21. Room temperature photoluminescence spectrum of a Ge0.968Si0.012Sn0.020 alloy. The peak is 
assigned to direct-gap emission. The inset shows the agreement between an empirical fit of the emission 
lineshape with an exponentially modified Gaussian function and a theoretically calculated emission profile 
using a band gap energy of E0=0.74 eV and a steady state photoexcited charge density of n=3 10
18 cm-3. 
 
The bandgap energy is extracted from a two-step fit in which the 
photoluminescence spectrum is first fit with an exponentially modified Gaussian 
lineshape (EMG), followed by a fit of the EMG with a theoretical lineshape for the direct 
gap emission. This final step is based on a generalized Roosbroeck-Shockley approach 
that uses an analytical expression for the absorption coefficient, including strain and 
excitonic effects.
54
 The analytical expression for the absorption coefficient has been 
shown to reproduce very accurately the near band-gap optical properties of Ge and Ge1-
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ySny.
33,42
 The main adjustable parameters of the fit, aside from an overall intensity factor, 
are the direct bandgap E0 and the density n of photoexcited carriers, which mainly 
determines the high energy tail of the emission lineshape. The inset of Figure 21 shows 
the result of such a fit. The nearly perfect agreement between the two curves, obtained for 
E0=0.740 eV and n=3 10
18 
cm
-3
, corroborates the assignment to direct gap emission. 
                      
Figure 22. Room temperature PL spectra from selected Ge1-x-ySixSny/Si samples. The peaks are assigned to 
the direct band gap E0, and the band gap values are obtained from a theoretical fit. 
 
                        
 
Figure 23. Summary of direct gaps E0 for several Ge1-x-ySixSny alloys. Red spheres represent samples from 
this chapter measured by PL. The blue spheres correspond to samples from chapter 2, where the direct band 
gaps were determined from theoretical fits of the optical responsivity curves in p-i-n diodes. The colored 
surface corresponds to the linear fit in Eq. (3.1). Red (blue) color corresponds to E0<0.807 eV (E0>0.807 
eV). Here E0=0.807 eV is the direct band gap of Ge at room temperature. 
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Figure 22 shows results for additional samples that also display a similar peak. The 
sloping background here and in Figure 21 is tentatively assigned to dislocation 
luminescence, in analogy to prior studies on pure Ge.
55
 The intrinsically defected Ge1-x-
ySixSny/Si interface, as seen in Figure 19, might contribute to this photoluminescence. 
The results are summarized in Figure 23, which also compares the 
photoluminescence results with prior photocurrent measurements of the direct gap of Ge1-
x-ySixSny alloys lattice-matched to Ge (chapter 2 and ref  34). The two data sets can be fit 
with a linear expression of the form (in eV), 
E0(x,y) = (0.785±0.013) + (2.41±0.11)x – (4.06±0.19)y                                               (3.1) 
The result of the fit is shown as a colored plane in Figure 23. We notice that the linear 
coefficients in this expression are quite different from those reported in chapter 2 and ref 
34. In these previous works, the data points were clustered along the line x=3.7y, since 
the samples were intentionally grown to lattice-match Ge. This clustering is apparent in 
the blue spheres in Figure 23. Consequently, the fit linear coefficients were strongly 
correlated. On the other hand, the combined PL and responsivity data in Figure 23 make 
it possible to sample a truly two-dimensional compositional space, and therefore Eq. (5.1) 
fit is more robust. The reduced coefficient correlation is reflected in the smaller errors in 
the coefficients. Moreover, the constant term in Eq. (5.1) was left as an adjustable 
parameter, and the value obtained is within a few meV of the known E0=0.807 eV for 
pure Ge at room temperature.
33
 Unfortunately, it is not possible to ascertain the 
implications of Eq. (5.1) for the direct-indirect cross over in ternary alloys, since no 
experimental measurements of the indirect gap appear to be available. 
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D. Prototype Photodiode Fabrication 
In order to confirm and further investigate the dependence of the direct gap on the 
Si/Sn concentration for the Ge1−x−ySixSny alloys with y>x, a prototype photodiode was 
fabricated based on the above Sn enriched materials, and the electrical and optical 
properties of the devices were measured. These devices were grown in p-i-n geometry, 
starting with an epi-ready p-type Ge(100) wafer 6° off cut towards the [111] direction 
using the GS-MBE approach above. The deposition of the intrinsic and n-type layers in 
this case was conducted at 260°C and 1×10
−2
 Pa using Ge4H10, Si4H10 and SnD4 co-
reactants. Immediately after completion of the active layer, the top electrode was grown 
by adding appropriate concentrations of the single source P(GeH3)3 into the reaction 
mixture. The resultant films were analyzed by RBS, spectroscopic ellipsometry, Atomic 
Force Microscopy, and HR-XRD to examine composition, doping profile, surface 
morphology and strain state. The RBS measurements [Figure 24(a)] revealed the 
presence of a 500-nm-thick active layer with composition Ge0.942Si0.020Sn0.038, while the 
n-type top electrode exhibited a Ge0.96Si0.01Sn0.03 stoichiometry and a thickness of 100 nm. 
A schematic of the device is shown in Figure 24(a) inset. On-axis (004) 2θ–ω scans (not 
shown) reveal distinct peaks corresponding to the Ge substrate and the GeSiSn device 
layers. The (224) reciprocal space map indicates pseudomorphic growth of a fully 
strained epilayer on the Ge substrate, as evidenced by the vertical alignment of the 
epilayer peaks with the Ge substrate [Figure 24(b)]. Using this plot, for the active layer 
we calculate a compressive strain of 0.45% with a relaxed lattice constant of a0 = 5.6832 
Å, in excellent agreement with the expected value from Vegard’s law. 
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Figure 24. (a) RBS spectra and schematic representation of a 600 nm thick Ge1-x-ySixSny device. (b) HR-
XRD 224 reciprocal space maps of the same sample showing perfect in plane lattice matching between the 
epilayer device and the Ge wafer. 
 
The layer was processed into circular photodiode devices using procedures 
described elsewhere 
34
 and were then measured to obtain their optical and electrical 
properties. Current–voltage (I–V) measurements were performed using a Keithley 2400 
Source Meter that is controlled by a custom LabVIEW program. The I–V plots show a 
clear diode behavior for all devices irrespective of size. I–V curves of several different 
diameter devices are shown in Figure 25(a), all of which show dark current densities of 
~10
−1
 A/cm
2
 at −1.0 V bias and ideality factors ranging from 1.3 to 1.4, depending on the 
device size. These dark current densities are significantly lower than those found from 
previously published GeSn/Si(100) photodiodes.
19,49
 However, they are higher than those 
found for lattice-matched GeSiSn/Ge devices. The relatively higher dark current densities 
in this case are most likely due to defects and microstructural imperfections arising from 
the lattice mismatch between the epilayer and substrates. 
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Figure 25. (a) I–V curves of theGe1-x-ySixSny devices with mesa diameters ranging from50 to 500 µm. (b) 
External quantum efficiency plots showing the absorption edges of the substrate and the epilayer marked by 
dotted lines. 
 
Measurements of the external quantum efficiency were carried out by biasing the devices 
while being illuminated by a focused beam of light at a selected frequency. A Spectral 
Products tungsten-halogen 100 W lamp is connected to a grating spectrometer which is 
controlled by a custom LabVIEW program which directs the spectrometer to scan over 
the desired wavelength range. The light from the spectrometer is collected and focused 
into a 600 µm diameter fiber optic. The light is modulated by an optical chopper at 50 Hz 
and filtered by a 975 nm long-pass filter. The power from the spectroscopically selected 
and filtered lamp is measured by a Newport Ge diode power detector. The end of the 
fiber optic creates spot size of 5 µm that is focused on a 300 µm device held at 0 V. The 
resulting photocurrent is converted to a voltage by a 100 Ω load resistor which is sent to 
the input of a lock-in amplifier. The photocurrent for the two devices described above 
shows two absorption edges centered at approximately 1600 nm and 1740 nm 
corresponding to direct gap absorption from the Ge substrate and the GeSiSn epilayer, 
respectively [Figure 25(b)]. The first edge is clearly the direct band gap in the bulk Ge 
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substrate, for which E0 = 0.80 eV. The observation of significant optical absorption below 
this edge confirms that ternary GeSiSn alloys with direct gaps well below that of Ge can 
be synthesized. The 1740 nm edge corresponds to E0 = 0.71 eV, almost 0.1 eV below the 
Ge value. 
E. Conclusion 
In this chapter, we have utilized a series of hydride sources and state-of-the-art 
deposition methods to fabricate Sn-rich Ge1−x−ySixSny alloys with good optical emission 
properties. The precursors maintain a significant reactivity at low temperatures in the 
range of 310-260°C, enabling the growth of thick and highly concentrated films suitable 
for optical characterization using PL and photocurrent measurements. Sizable PL 
emission is measured from a wide range of Ge1−x−ySixSny layers with x =0.01-0.04 and y 
=0.02-0.10 grown directly on Si substrates. In all cases the PL peaks are assigned to the 
direct gaps which can be systematically tuned below that of Ge in the near IR range of 
the spectrum by judiciously adjusting the Si and Sn fraction in the alloy. This result opens 
up the possibility of deploying these alloys in long-wavelength applications beyond the 
Ge band gap, with the additional benefit that the Si and Sn presenting at the same time 
enhances the material stability relative to standard Ge1-ySny alloys. Finally, the device 
properties of these materials were investigated by fabricating prototype p-i-n photodiodes 
grown on Ge wafers. The dark currents and quantum efficiencies of the latter are found to 
be significantly improved relative to those of Ge1-ySny analogues grown on Si with 
comparable Sn contents, and the observed sub-Ge absorption confirms that GeSiSn can 
have important long wavelength applications. 
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CHAPTER 4 
SYNTHESIS AND OPTICAL PROPERTIES OF 
GE1-X-YSIXSNY/GE/SI(100) WITH Y>X 
A. Introduction 
Text and figures of this chapter were reprinted with permission from L. Jiang, C. Xu, J. 
Gallagher, T. Aoki, J. Menéndez and J. Kouvetakis, submitted to Chemistry of Materials, 
2013, and from J. Gallagher, C. Xu, L. Jiang, J. Kouvetakis and J. Menendez, Applied 
Physics Letters 103, 202104 (2013), copyright (2013) AIP Publishing LLC. 
 
In the previous chapter, I described the fabrication of Sn-rich Ge1-x-ySixSny 
materials directly on Si, which yielded sizable direct gap photoluminescence below that 
of pure Ge. However, the intensity of these PL signals was not strong enough to resolve 
the indirect band gap emissions. Here we seek to make better quality Sn-rich Ge1-x-
ySixSny with the use of Ge buffers, which will facilitate better lattice matching and lead to 
fewer defects. 
Direct band gap photoluminescence is seen from indirect-gap Ge due to the small 
energy separation between the L- and Γ-valleys in the conduction band.54,56-61 This 
separation is further reduced by alloying Ge with Sn,
53
 and an indirect-to-direct cross-
over is reported to occur in Ge1-ySny for y ~ 0.06-0.10,
62-65
 making these materials 
attractive candidates for near-IR optical applications based entirely on group IV materials. 
However, a major issue with Ge1-ySny is the low thermal stability of highly concentrated 
samples with Sn contents near the direct gap threshold, and this creates problems for 
applications requiring high temperature processing (above 500 °C).
66-68
 An attractive and 
thermally robust alternative to Ge1-ySny alloys is the Ge1-x-ySixSny ternary system, which 
exhibits an enhanced thermodynamic stability due to its increased mixing entropy for the 
same Sn content.
21
 The incorporation of Si not only improves the thermal stability but 
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changes the electronic structure. Its main effect is to shift the direct gap energy toward 
higher values, since the E0 direct transition in Si has an energy of 4.1 eV at room 
temperature.
69
 In addition, the separation between the direct edge and the indirect edge 
associated with the L-valley is also predicted to increase as a function of the Si 
concentration, both from an interpolation between the corresponding energy eigenvalues 
in the elemental semiconductors
70
 and from detailed calculations.
71
 The discovery of a 
large negative bowing in the direct gap of the ternary alloy
23,27 
does not change this 
picture substantially, because as the Si concentration is increased, the indirect gap 
switches rapidly to Si-like.
30,70
 The Si indirect gap is associated with a valley with a 
minimum along the (001) direction (Δ-line) in the Brillouin zone of the diamond-
structure crystal. The energy of this valley above the maximum of the valence band is 
about the same for Si, Ge, and α-Sn.30 Thus we expect a very weak compositional 
dependence of the indirect gap associated with the Δ-minimum, and this approximately 
constant energy represents an upper limit for the value of any indirect band gap in the 
ternary alloy. This qualitative analysis is corroborated by detailed calculations.
71
 
Experimentally, work on Ge1-x-ySixSny alloys has historically focused on compositions 
such that x = 3.7y, for which the ternary is perfectly lattice-matched to Ge and of great 
interest for photovoltaics.
23,30,34
 These alloys, grown on Ge substrates or Ge-buffered Si, 
do not exhibit direct-gap photoluminescence in spite of the fact that device structures 
suggest defect densities lower than in Ge-on-Si and GeSn-on-Si films, which do show 
that emission. The lack of direct gap emission from Ge1-x-ySixSny films lattice-matched to 
Ge is thus not due to defects but consistent with the increased separation between the 
direct and indirect edges compared to Ge or Ge1-ySny. 
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 The above considerations suggest that the way to recover Ge-like emission 
properties from ternary Ge1-x-ySixSny alloys is to overcompensate the electronic 
contribution of Si by further increasing the Sn concentration. This idea was recently 
validated with the observation of direct-gap photoluminescence from Ge1-x-ySixSny films 
with y > x grown on Si substrates, as described in last chapter. In this chapter, we report 
structural and optical studies of Ge1-x-ySixSny films with y > x grown on Ge-buffered Si. 
These alloys exhibit a large enhancement (> 10×) of the photoluminescence intensity 
relative to similar films grown directly on Si, and this enhancement makes it possible to 
detect not only the direct gap but also the indirect gap. The results demonstrate that the 
separation of the direct and indirect edges can be made smaller than in Ge even for non-
negligible Si concentrations, confirming that with a suitable choice of compositions the 
ternary alloy Ge1-x-ySixSny reproduces all features of the electronic structure of the binary 
Ge1-ySny. The mapping of the compositional dependence of the indirect gap is of interest 
for photovoltaic applications, because this gap is expected to be the lowest band gap in 
the ternary for a broad range of concentrations satisfying  x = 3.7y,
62
 as required for 
photovoltaic applications. Since our luminescent Ge1-x-ySixSny films have y ≥ x, they are 
not lattice matched to the Ge buffer layers, and their thickness is such that the epitaxial 
strain is largely relaxed. Still, the starting lattice mismatch is drastically reduced relative 
to previous Ge1-x-ySixSny/Si films. Accordingly, the Ge1-x-ySixSny/Ge interface is expected 
to be substantially less defected than the direct Ge1-x-ySixSny/Si interface, where the 
carrier recombination velocity could be as high as 4000 m/s.
72
 We believe this is the 
underlying reason for the much enhanced photoluminescence signal from these films. 
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B. Growth and Characterizations 
In this new class of Ge1-x-ySixSny alloys the Si content is maintained nearly constant 
at 3-4%, which is considered to be sufficient to imbue the desired thermal stability in the 
ternary alloy, while the Sn composition was varied from 5-10%, spanning the range 
where the direct gap transition is reported to occur for the Ge1-ySny binary alloys. These 
samples were grown using two distinct methods previously described in chapter 2 and 3. 
Briefly, the first method utilized a single-wafer gas-source MBE reactor and 
combinations of tetrasilane (Si4H10), tetragermane (Ge4H10) and stannane (SnD4) 
chemical sources to produce alloys with 3-4% Si and 5-6% Sn, grown at 260 °C. The 
main advantage in this case is that the growth of the film is conducted in one step in the 
same chamber starting with the buffer followed by in situ growth of the epilayer using 
similar protocols and chemical sources. This approach avoids exposure of the wafers to 
the ambient and ensures minimal contaminations of background impurities which are 
detrimental to the optical performance of the materials. Furthermore the hydride co-
reactants possess comparable reactivities enabling low temperature growth of uniform 
layers across the 4‖ wafers exhibiting low defectivity, flat surfaces and large thicknesses 
near the 500 nm threshold to generate PL emission from these materials. However, the 
main drawback of this method is that thick films with higher Sn contents above 5% are 
difficult to produce since the lower temperatures needed to systematically increase the Sn 
content while maintaining reasonable growth rates to obtain the desired layer thicknesses 
were outside the range of optimal reaction efficiency under the conditions allowed by the 
reactor geometry. For this reason we adopted an alternate set of sources (Si4H10, Ge3H8, 
SnD4) and a conventional UHV-CVD technique used in prior work to synthesize GeSn 
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alloys. In this arrangement the reactants are subjected to additional activation by 
preheating them before reaching the substrate surface to initiate crystal growth. This 
leads to the formation of highly concentrated layers with 4-10% Sn and ~3-4% Si 
between 330 and 290 
o
C, respectively. This synthetic pathway also provides access to a 
wider range of operating temperatures and pressures relative to MBE. This flexibility in 
turn affords higher growth rates and significantly lower residual strain in the as grown 
samples due to the higher temperatures employed irrespective of composition. 
Nevertheless the samples produced using both methods provides valuable insight into the 
influence of the reaction environment and the precursor chemistry (chemical and physical 
compatibility among co-reactants) on the optical performance of the target materials as 
evidenced by the quality and strength of the PL emission peaks as described in later 
sections.  
The Ge buffer layers were grown on 4‖ Si(100) wafers with the gas-source MBE 
method via thermolysis of the Ge4H10 using recently developed protocols, which will be 
discussed in detail in next chapter. Each of the fabricated Ge-buffered Si wafers was 
cleaved into four quadrants, which were then used as substrates for subsequent 
heteroepitaxy of the Ge1-x-ySixSny /Ge/Si(100) samples using the UHV-CVD method as 
described below.    
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Figure 26  Random (solid line) an aligned (dotted line) RBS  spectra of a Ge0.89Sn0.08Si0.03/Ge/Si(100) 
sample showing a high degree of channeling for both the 450 nm thick epilayer and the 1500 nm thick Ge 
buffer. The plots indicate a high level of epitaxial alignment across the entire heterostructure and 
corroborate substitutionality of the Sn atoms in the lattice. 
 
In a typical experiment, the Ge/Si(100) substrates were dipped in HF/methanol, 
rinsed with deionized water, dried by a flow of N2, and loaded onto a quartz boat and 
subsequently inserted into the reactor via a load lock pumped down to 10
-8
 Torr. To 
prevent any residual impurities from entering the reactor, the samples were transferred 
from the load lock into the reaction zone under a continuous stream of high purity H2 
maintained at constant pressure of 10
-3
 Torr via dynamic pumping using a turbo/dry 
pump stack. We note that the quartz reactor was kept at 290-300 °C and 10
-9
 Torr in-
between experiments to maintain a contaminant free ambient. Prior to growth the 
background H2 pressure was adjusted from 10
-3
 to ~ 0.200 Torr to establish conditions for 
viable growth rates. Immediately thereafter, stock mixtures of the Ge3H8, Si4H10 and 
SnD4 sources were introduced into the chamber through carefully calibrated mass flow 
controllers to initiate the deposition process. The mixtures were freshly prepared prior to 
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each experiment using electronic grade Si4H10 (Voltaix Corp.) and custom-developed 
SnD4 and Ge3H8 reagents produced and purified in our labs. The desired molar amounts 
of the compounds were combined in a 3 liter container and diluted with H2 to a total 
volume at 30 Torr following previously described recipes 
73
 using near stoichiometric 
ratios of the molecular components. In most cases we find that the Sn, Ge and Si fractions 
in the fabricated samples closely track the corresponding gas-phase atomic concentrations 
in a given mixture, indicating a high degree of reaction control and deposition efficiency 
afforded by the compatible reactivity of the Si and Ge precursors. The duration of each 
experiment was typically 90 minutes, yielding films with thicknesses of 450-550 nm at an 
average growth rate of ~5- 6 nm/min. The film thicknesses were measured by 
spectroscopic ellipsometry and corroborated by Rutherford backscattering spectroscopy 
analysis (RBS). The latter experiments were also used to determine the alloy 
stoichiometry. The 2 MeV spectra showed characteristic peaks corresponding to Sn and 
Ge (see Figure 26 ) which were then fitted using the program RUMP to give  a nominal 
3-4% Si and 5-10% Sn. We note that the alloys containing 9-10% Sn were grown near 
the 295-290 °C threshold to ensure full Sn substitution in the lattice, while the less 
concentrated 5-8% Sn counterparts were produced at slightly higher temperatures of 300-
310
o
C. The RBS analyses for silicon content showed a significant uncertainty of ~ 1 
at. % due to the overlap of the Si signal with the dominant Ge buffer layer background, 
preventing a precise fit of the Si step height in the 2 MeV spectrum. In this case XRD 
measurements were employed to accurately determine the Si fraction using the lattice 
constant of the epilayer in conjunction with Vegard’s Law. RBS channeled spectra were 
also collected and compared with the random 2MeV counterparts to evaluate the epitaxial 
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alignment of the film and the Sn substitutionality in the epilayer structure. In all cases, 
regardless of growth temperature and composition, the data revealed single-phase mono-
crystalline materials in full epitaxial registry with the underlying Si substrate, as shown 
for a representative sample in Figure 26.  
High resolution diffraction X-ray measurements of the on-axis 004 peaks and 224 
reciprocal space maps were obtained and used to determine the in-plane (a) and vertical 
lattice (c) lattice dimensions of the films. Since for y > x we expect a(Ge1-x-ySixSny) > 
a(Ge), a significantly level of compressive epitaxial strain near 1% should be present in 
the GeSiSn films if they grow fully matched to the Ge buffer layers.  
 
Figure 27 XRD plots of a Ge0.91Sn0.06Si0.03 epilayer grown upon Si(100) via a 1200 nm thick Ge buffer 
layer. High resolution θ/2θ plots of the (004) reflections of the buffer and the epilayer are compared with 
their (224) reciprocal space maps. The spectra reveal sharp, narrow peak profiles with well-defined 
contours (in the case of the 224 maps) as expected due to the high crystal quality of the sample.  The 
epilayer appears to be virtually strain free, while the buffer is slightly tensile strained as evident by the 
position of their 224 peak maxima which lie directly upon and slightly above the relaxation line, 
respectively. 
 
Figure 27 shows the XRD spectra for a representative Ge0.91Si0.03Sn0.06 sample after 
RTA processing at 600 ºC. The peaks corresponding to the Ge-buffer layer and the 
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GeSiSn film have similar shapes, indicating a comparable crystal quality. However, the 
two peaks are not vertically aligned. This demonstrates that the epitaxial strain is partially 
relaxed. In fact, for this sample the relaxation line passes through the maximum of the 
224 reflection of the epilayer, indicating that nearly full relaxation has been obtained after 
the annealing treatment. On the other hand, the buffer peak maximum lies slightly above 
the relaxation line, indicating a residual tensile strain induced by prior annealing as a 
consequence of the difference in thermal expansion between the Si substrate and the Ge 
material.  In general, we see compressive strains ranging from 0.15% to 0.55% in as-
grown samples with 5-10% Sn concentrations. As shown in Figure 27, theses strains are 
further relaxed after rapid thermal annealing (RTA).  The 5-6% Sn samples were 
annealed at 700-600 °C for 10 seconds twice, resulting in a strain reduction from 0.13-
0.16% down to 0.025-0.068%. The more concentrated alloys were only heated to 550-
500 °C for 10 seconds.  In this case nominal strain values of ~ 0.17-0.23% remained in 
the 7-9% Sn films after RTA processing down from values close to ~ 0.22-0.28% in the 
as-grown materials.  The 10%Sn samples showed the same strain of ~0.55% before and 
after annealing, indicating that it may not be possible to mitigate its residual epitaxial 
compression in the films with higher Sn contents without degrading the single-phase 
integrity of the material.   
As indicated above, the XRD measurements were used in conjunction with RBS 
results for a more accurate determination of the Si concentrations. For this, we used the 
measured a and c parameters of the films to compute their relaxed lattice constant a0 
using standard elasticity theory and interpolated elastic constants. Next we determined 
their Si concentration from Vegard’s law by assuming the correctness of the Sn-
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concentration as measured by RBS. For low Si concentrations, the discrepancies between 
the Si concentration determined by RBS and that determined from XRD are significant 
(about 1% absolute). However, for high Si concentrations the two methods yield the same 
values within experimental error. For example, a Ge1-x-ySixSny sample with x = 0.07 and y 
= 0.09 according to RBS was found to have x = 0.074 from the X-ray analysis. These 
results suggest that the difficulty in extracting low-Si concentrations from RBS 
measurements introduce systematic errors in the concentration estimates. Accordingly, 
for the analysis of optical spectra below, we only use Si-concentrations as determined 
from XRD.  
                       
 
Figure 28  Relaxed, cubic lattice parameters (a0) of Ge1-x-ySixSny /Ge samples as a function of Sn content 
measured by RBS. The empty white squares and the solid black squares represent the a0 values of the as-
grown and annealed materials, respectively. The close correspondence observed between the a0 before and 
after annealing for a given sample further corroborates the high thermal stability of the ternary alloys 
relative the GeSn binaries. 
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Figure 29:  XTEM micrograph of a typical Ge0.911Si0.036Sn0.053/Ge/Si(100) sample. The phase contrast 
image shows the full size of the GeSiSn layer as well as the Ge buffer with corresponding thicknesses of 
500 nm and 1200 nm. The interface regions are defective in both cases while the bulk segments are mostly 
devoid of threading defects. Corresponding images of the Ge/Si(100) show periodic arrays of Lomer type 
defects as expected. 
 
The accuracy of the XRD measurements makes it possible to investigate the 
thermal stability of the ternary alloys with quantitative detail.  Figure 28 shows the 
relaxed lattice constant for several films, as a function of their Sn concentration. Since 
most samples have a Si-content near 3-4%, the plot shows a nearly monotonic increase in 
lattice constant as a function of the Sn concentration y, as expected. More importantly for 
thermal stability considerations, the figure shows relaxed lattice constants for all samples 
before and after RTA treatment, and we see that in most cases the difference is negligibly 
small. In the cases where there is a small difference, the lattice constant after RTA is 
slightly less than the lattice constant in the as-grown samples, suggesting a possible loss 
of Sn. If we assume that the Si concentration remains unchanged, we can use Vegard’s 
law to calculate the change in Sn required to explain the difference. Following this 
procedure, we find that the largest change in Sn concentration is a reduction of 0.2% for a 
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sample containing 8% Sn. For other samples this reduction is substantially less and in 
most cases negligible. This outcome demonstrates the high thermal stability conferred by 
the Si incorporation in the ternary alloys. The compositional stability and structural 
integrity shown by these trends is encouraging for potential applications of these alloys in 
semiconductor technologies requiring high thermal budget processing and severe 
operating conditions. 
           
Figure 30 (top) AFM images of a 500 nm thick Ge0.911Si0.036Sn0.053 layer showing cross-hatched surface 
patterns.  The corresponding RMS roughness for the 20x20 µm and 5x5 µm areas at right and left panels 
are 1.6 and 2.6 nm, respectively. The film is fully relaxed on the basis of XRD measurements due to the 
formation of interface misfit dislocations as indicated by high resolution microscopy. A representative 
micrograph in the bottom panel shows 60o dislocations marked by arrow. The cross hatch patterns observed 
on the surface of the film are a consequence of such interface defects which serve to compensate the misfit 
strain in the lattice mismatched SiGeSn/Ge heterostructure.  
 
Cross-sectional transmission electron microscopy (XTEM) studies of selected  
samples revealed uniform layers with planar surfaces and well defined interfaces as 
shown in Figure 29 for a 500 nm thick Ge0.911Si0.036Sn0.053 film grown on 1200 nm Ge 
buffer layer. In this case the bulk layer above the GeSiSn/Ge interface shows a low-
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defectivity microstructure as indicated by the homogeneous contrast of the image. 
Corresponding high resolution data reveal 60
o
 dislocations confined to the interface plane 
rather than the expected Lomer defects found in films grown directly on Si surfaces under 
similar conditions. This departure from typical behavior is attributed to the less 
pronounced lattice mismatch of the epilayer and Ge template in the current Ge1-x-
ySixSny/Ge system relative to Ge1-x-ySixSny/Si for the same values of x and y, providing an 
alternate mechanism for strain relaxation via development of interface misfit dislocations.  
Although the film thickness in Figure 29 significantly exceeds the expected critical 
thickness,
73
 we do not see extended threading defects beyond the interface region within 
a field of view of the XTEM images. In this case the low energy Ge platform absorbs the 
differential strain by developing localized dislocations whose cores do not seem to 
propagate through to the top surface. In contrast XTEM images of films with higher Sn 
contents above 7% reveal occasional stacking faults propagating well above the growth 
plane into the bulk film. These defects further accommodate the increasing lattice strain 
as a function of Sn composition due to the highly dissimilar lattice dimensions of the two 
materials. The observed interface microstructure is consistent with AFM images which 
reveal cross-hatch surface patterns aligned along the 110 crystallographic direction as 
shown in Figure 30, as typically observed for similarly mismatched Si1-xGex films grown 
on Si wafers. These features are known to directly correlate to the interface dislocations. 
For our materials the cross hatch patterns become more prevalent with increasing misfit 
in the 5-10%Sn composition range, yielding correspondingly increasing AFM RMS 
roughness of 1.5-3.5 nm. 
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C. Optical Properties 
We conducted detailed photoluminescence (PL) studies to demonstrate that the 
gains in structural stability enabled by the incorporation of Si into the Ge-Sn lattice do 
not come at the expense of dramatically altered optical properties. Specifically, tunable 
direct band gaps below those of Ge, a reduced separation between the direct and indirect 
edges, and a concomitant increase in the emission intensities that represent characteristic 
optical features of binary Ge1-ySny alloys can also be observed in the more stable Ge1-x-
ySixSny system. 
 The PL spectra of all samples were collected with a Horiba micro-HR™ 
spectrometer. An extended liquid-nitrogen-cooled InGaAs detector was attached to the 
exit slit of the spectrometer. The spectra were excited using 400 mW of 980 nm laser 
radiation. Long-pass filters were used to block emission from the Si substrate and the 
laser. The latter appears as a very strong peak in second-order at 1860 nm. A residual 
laser signal is observable even with the long-pass filter, and it is subtracted from the 
experiment by fitting it with a Gaussian profile. The spectral resolution (FWHM) of the 
measurements was ~16 meV. The system’s spectral response was calibrated with a 
tungsten lamp and appropriate corrections were applied to the data. These corrections are 
important at long wavelengths approaching the detector cutoff at 2300 nm. 
All experiments were carried out at room temperature.  Figure 31 shows results for 
several samples whose Si concentration is close to x = 0.04, while the Sn concentration is 
varied over a broad range from 5.1 to 8.3%. The main peak is assigned to emission across 
the direct gap E0, and the shoulder to the low energy side is related to the indirect gap Eind. 
Excellent fits are obtained by representing the indirect-gap emission by a simple 
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Gaussian function and using an exponentially modified Gaussian (EMG) to represent the 
direct gap emission. The direct and indirect gap energies are extracted from these fits 
using the procedure described in Ref. 74. 
             
Figure 31 Photoluminescence spectra from several Ge1-x-ySixSny samples with Si concentrations very close 
to 4%.  The main peak is assigned to direct gap emission, and the low energy shoulder to indirect gap 
emission. A weak feature above 0.75 eV is direct emission from the Ge buffer layer. The inset shows 
details of the fits used to determine the band gap energies as well as the strength and width of each 
transition. 
 
It is apparent from Figure 31 that both gaps shift to lower energies as the Sn 
fraction increases, that their separation is also reduced, and that the peak intensity 
increases as a function of the Sn concentration.  For a comparison of the indirect and 
direct band gaps, we show in Figure 32 the direct gap values from our fits (colored 
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spheres). The figure incorporates measurements from Ge1-x-ySixSny films on Si published 
earlier, as well as E0 determinations from responsivity measurements in Ge1-x-ySixSny 
diodes latticed matched to Ge.  The result of a bilinear fit of these data gives (in eV)  
E0 = 0.795 ± 0.013 + (2.21 ± 0.12)x – (3.79 ± 0.16)y                                                   (4.1) 
which overlaps, within experimental error, with the expression proposed in last chapter 
(eq. 3.1). The fit appears as a colored plane in Figure 32. In addition, we include in this 
figure the indirect gap bilinear fit based on the data acquired in this study. The indirect 
gap fitting equation is (in eV) 
Eind= 0.668 ± 0.008 + (0.67 ± 0.15)x – (1.77 ± 0.16)y                                                 (4.2) 
                 
Figure 32. Compositional dependence of the measured E0 direct gap energies in Ge1-x-ySixSny alloys. The 
yellow spheres correspond to the samples discussed in this chapter. Grey spheres are from earlier PL and 
responsivity measurements in chapter 2 and 3. The red-white-blue plane represents the fit in Eq. (4.1), with 
blue (red) indicating E0 values higher (lower) than E0 of Ge. The green plane is the indirect gap fit from Eq. 
(4.2). 
 
This fitting plane is extrapolated to a wider compositional range (data points for indirect 
gaps not shown). The figure illustrates the closing of the separation between the Γ and L 
valleys in the conduction band of the ternary alloy, qualitatively similar to that observed 
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in binary Ge1-ySny alloys.
75
 The direct-indirect gap boundary is along the line y = (0.062 
± 0.014) + (0.76 ± 0.23)x  according to these fits. The value for x=0 is in good agreement 
with the consensus crossover composition for Ge1-ySny.
 53, 62-65
 
               
Figure 33 Sn-fraction dependence of the direct and indirect edges in samples with the approximate 
composition Ge1-ySi0.04Sny. The squares represent the energies extracted from theoretical fits of the 
photoluminescence spectra. The lines correspond to bilinear fits of the compositional dependence of both 
gaps in Ge1-x-ySixSny alloys. 
 
In Figure 33 we show the compositional dependence upon the fraction of Sn for 
the band gap energies. The solid line and the dashed line in the figure correspond to the 
bilinear compositional dependencies determined by equations 4.1 and 4.2, which suggest 
a direct-indirect crossover near y = 0.09. In Figure 34 we show the area of the EMG 
profile used to fit the direct gap emission as a function of the direct-indirect gap 
separation. In spite of the inherently noisy nature of intensity measurements, a clear trend 
is observed. The trend is compared with a theoretical calculation of the emission intensity 
for pure Ge1-ySny alloys with the same direct-indirect gap separation. The calculation uses 
the Roosbroeck-Shockley theory for spontaneous emission, as described in Ref. 74. The 
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conduction band quasi-Fermi level needed for the Roosbroeck-Shockley expression is 
computed by taking into account the two conduction band minima associated with the 
direct and indirect gaps. The separation between these gaps affects the calculated 
intensities very strongly, because the population of the conduction band minimum 
responsible for direct-gap emission is a strong function of this separation. The agreement 
is good, although the theoretical dependence is somewhat stronger, perhaps due to some 
additional non-radiative recombination channels at the highest Sn concentrations. We see, 
as expected, a trend for higher intensities in thicker samples, but the dependence on 
annealing treatment is rather weak. This is quite surprising, because there is a noticeable 
improvement in the structural properties upon annealing, as seen from the X-ray studies.        
                      
Figure 34  Integrated photoluminescence intensity for the direct gap emission from Ge1-x-ySixSny samples. 
The line represents a theoretical calculation for Ge1-ySny alloys with the same direct-indirect separation. The 
relative scale between theory and experiment is arbitrary, so only the energy dependence can be compared. 
 
While the effect of annealing is not obviously apparent in the measured intensities, 
we do see sizable effects in the spectral widths. The EMG function used in the lineshape 
fits in Figure 31 is a convolution of a Gaussian with an exponential, and one of its 
adjustable parameters is the Gaussian width σEMG. Physically, the width is caused by 
absorption broadening (since spontaneous emission is proportional to the absorption). 
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Numerical simulations comparing the EMG function with the emission calculated with 
the Roosbroeck-Shockley expression for a Gaussian-broadened absorption, with 
broadening σABS, show that σABS and σEMG are nearly identical, except when there are 
significant strain splittings, which is not the case here. Therefore, we can associate the 
width parameters extracted from our fits with the absorption broadening (after a trivial 
correction for instrumental broadening). The absorption width obtained this way is shown 
in Figure 35 as a function of the Sn concentration and annealing conditions. We see a 
systematic decrease of the width upon annealing. The widths of the annealed samples are 
similar to those observed in pure Ge-on-Si samples (~30 meV, while the absorption width 
in bulk Ge is 16 meV at room temperature). 
42
 This, combined with the weak dependence 
on Sn concentration, indicates that intrinsic alloy broadening plays a minor role. These 
results suggest that smaller broadenings might be obtained by growing our alloys directly 
on Ge wafers. However, such samples are difficult to study with photoluminescence due 
to the very strong indirect gap PL from the Ge substrate. 
If the annealing treatment improves crystallinity and reduces the width of the 
emission, one might expect a concomitant increase in the emission intensity, since the 
defects eliminated by the annealing should contribute to non-radiative recombination. 
However, as noted above, this predicted increase in intensity is in general not observed. 
One possibility is that the annealing procedure, while improving the bulk properties of 
the film, increases the surface recombination velocity, in such a way that the two 
contributions tend to cancel out in our samples. A hint that this may indeed be the case 
was obtained from PL measurements of epi-ready Ge substrates, which show a weaker 
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emission after thermal annealing under conditions similar to those used for our GeSiSn 
samples.   
                
Figure 35 Absorption widths (FWHM) extracted from the photoluminescence fits using the EMG profile, 
as described in the text. The data corresponds to samples as grown (blue markers) and annealed (red 
markers). The annealing temperatures are indicated next to the data points. 
 
D. Conclusion 
We have demonstrated CVD preparation of Ge1-x-ySixSny alloys grown on virtual Ge 
on Si platforms via reactions of Ge3H8, Si4H10 and SnD4. The resultant films are largely 
relaxed and exhibit significantly improved crystal quality relative to similar samples 
produced directly on Si in prior studies. The photoluminescence spectra were measured 
of samples with a fixed 3-4% Si content and progressively increasing Sn content in the 4-
10% range. We found that for y > x the optical emission from these films is strong 
enough to allow the determination not only of the direct gap—as done previously with 
Ge1-x-ySixSny/Si films—but also of the indirect edge that represents the lowest band gap in 
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the system over a broad compositional range. The enhanced optical emission compared to 
Ge1-x-ySixSny/Si is seen in spite of the fact that all of our films exceed the critical 
thickness for growth on Ge and their strain is mostly relaxed. These observations suggest 
that for the same level of strain relaxation, the defect structure in Ge1-x-ySixSny/Ge and 
Ge1-x-ySixSny/Si are very different. This is consistent with direct AFM and TEM studies of 
both types of film. The photoluminescence results presented here indicate that the main 
features of the electronic structure of Ge1-ySny films, namely the close proximity of the 
direct and indirect edges and the closing of their separation with respect to pure Ge, can 
be reproduced in the Ge1-x-ySixSny ternary system, with the benefit that films approaching 
the direct-indirect cross-over can be annealed at temperatures as high as 700 ºC without 
provoking any measurable Sn segregation. Finally we note that samples incorporating an 
equal amount of Si and Sn displayed either no luminescence or significantly suppressed 
signals (in contrast to alloys with y>x), further corroborating the notion that below a 
certain Si threshold the ternaries possess strong direct gap behavior akin to that of Ge1-
ySny  binaries. 
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CHAPTER 5 
NEW STRATEGIES FOR GE-ON-SI MATERIALS AND DEVICES USING 
TETRAGERMANE 
A. Introduction 
Text and figures in this chapter were reprinted with permission from C. Xu, R. Beeler, L. 
Jiang, G. Grzybowski, A V G. Chizmeshya, J. Menendez and J.; Kouvetakis,  Semicond. 
Sci. Technol. 28 (2013) 105001, copyright (2013) by IOP publishing Ltd. 
 
In the previous chapter, I presented the study of high quality Sn-rich GeSiSn 
materials that exhibit both direct and indirect band gap photoluminescence, which was 
made possible by growing materials on low defect density, bulk-like Ge buffers on Si 
with newly introduced highly reactive Ge4H10. Such technique for growing virtual Ge 
substrates will be discussed in this chapter. 
Recent advances in the mismatched heteroepitaxy of Ge films grown directly on 
Si (100) have enabled the development of novel photonic devices such as germanium-
based lasers,
1
 quantum well modulators,
76
 and broad band near-IR photodetectors.
77
 In 
addition, Ge-engineered Si wafers represent an intriguing alternative to the expensive Ge 
platforms on which multijunction device stacks are currently produced.
78
 These 
breakthroughs and potential applications have in turn prompted intense global research 
efforts to improve Ge-deposition methods on large-scale platforms suitable for 
commercial deployment. 
From a historical perspective, the earliest growth studies of Ge on Si identified the 
so-called Stranski–Krastanov mechanism in which the epitaxial film initially forms in a 
layer-by-layer fashion, but after a few monolayers the crystal assembly abruptly switches 
to a mode in which island-like structures are formed, rather than continuous layers with 
 91 
flat morphologies.
79
 In this case the significant lattice mismatch (4.2%) between the Si 
substrate and the Ge epilayer allows the system to minimize the surface free energy by 
adjusting its morphology. Under these conditions the crystalline epilayer develops a large 
number of threading defects and a rough surface, rendering the resultant Ge-on-Si 
product unusable for most applications. 
The earliest solution to the problem represented by the Stranski–Krastanov 
growth mode was the use of graded Si1-xGex layers whose Ge content was systematically 
increased to gradually redistribute the mismatch strain over the entire film, which begins 
with pure Si at the interface and terminates with pure Ge at the surface.
80
 This process 
typically requires a transitioning layer with a total thickness on the order of several 
microns, making the approach difficult to implement for practical low-cost applications. 
Moreover, high-quality Ge devices usually require a midgrowth, ex-situ chemical 
mechanical polishing step,
81
 which further complicates the technology. Practical 
approaches that circumvent the need for graded buffers have been developed more 
recently. A common strategy begins with the low-temperature deposition of an initiation 
layer (~320 °C), followed by higher temperature growth (near 600 °C) of the bulk crystal 
directly on the underlying engineered substrate.
82-84
 Commercial reactors have been 
optimized for this process, and concomitant advances in the device arena have been 
discussed in recent reviews.
77,85
  
The two-step method yields low-defectivity layers with thickness and surface 
roughness levels suitable for subsequent integration into multilayer device architectures. 
One hallmark of the low-temperature step in the two-step process is the resulting 
confinement of the mismatch defects at the interface plane, preventing their detrimental 
 92 
permeation throughout the bulk of the crystal, which would degrade the electrical 
properties and optical response in conventional photodetectors. On the other hand, the 
major drawback of the process is its poor compatibility with CMOS-back processing, an 
important consideration for Ge-on-Si technologies. This is due to the high temperatures 
required for the second step. The need to circumvent this limitation has provided the 
impetus to develop entirely new strategies involving only one deposition step at very 
low-temperature.
26
 Even if post-growth anneals at high temperatures are required to 
optimize the material properties, these can be limited to excursions of a few seconds and 
are therefore far more benign than growth at the same high temperatures. These 
considerations are particularly relevant for selective growth of Ge on Si using SiO2 as a 
window, since at temperatures close to 600 °C one begins to observe Ge islands on the 
oxide.
86
 
Our group has recently introduced two distinct low temperature growth methods 
that routinely produce highly uniform Ge-on-Si layers. In our first approach, reactions of 
conventional digermane Ge2H6 with a dilute flux of SnD4 yielded Ge layers incorporating 
dopant levels of substitutional Sn atoms.
82,87
 The presence of SnD4 was found to suppress 
the conventional Stranski–Krastanov mechanism on Si, allowing the growth of 
essentially bulk-like (several microns thick) films largely devoid of threading defects, and 
possessing atomically flat surfaces as required for the fabrication of photodetectors and 
solar cells. The second approach utilized digermane as the main Ge delivery agent in 1–
5% dilution with digermyl methane (GeH3)2CH2 to produce similar quality films but at a 
much lower growth rate.
88
 The metalorganic additive in this case served as a pseudo-
surfactant on the reaction front, liberating the carbon groups as methane and thereby 
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ensuring no carbon incorporation in the final product. Materials obtained from both 
methods were used to produce a series of prototype IR detectors in heterostructure 
geometry exhibiting state-of-the-art dark currents and responsivities.
19,42,87
 A one-step 
low-energy plasma enhanced chemical deposition method was also proposed by Osmond 
and co-workers.
89
 Here Ge-on-Si layers are grown at 500–600°C, and detectors fabricated 
after post-growth anneals exhibit very low dark currents. 
The ideal low-temperature process for Ge-on-Si growth should also be applicable 
at an industrial scale. This implies that the simplicity of the process, the purity of the final 
product (as manifested by minimal residual dopant levels), and the growth rate are of 
paramount importance. These considerations prompted us to explore the use of highly 
reactive molecular sources within the Ge-hydride GexH2x+2 family of compounds. Among 
these we found that Ge4H10 offers an optimal balance of room-temperature stability, 
synthetic accessibility, ease of use, sufficient volatility, and facile reactivity to be used as 
a practical chemical vapor deposition (CVD) source. Here we explore the growth profile, 
provide detailed descriptions of the material properties, present fabrication of prototypes 
devices, and discuss the characterization of the electrical and optical properties in 
comparison with prior results from the SnD4/Ge2H6 and (GeH3)2CH2/Ge2H6 approaches 
mentioned above. On this basis we find that the Ge4H10 method represents a most 
promising route to Ge-on-Si technology. From a materials and device perspective, the use 
of a pure, single-source Ge4H10 technology has distinct advantages over prior methods, 
including controlled reaction profiles, higher growth rates, unprecedented low-
temperature process conditions, and the creation of high-purity products. Furthermore, 
the crystal quality of the resultant films is significantly improved relative to the best 
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results obtained using Ge2H6, suggesting that the trajectory of translating the 
tetragermane-based process from laboratory feasibility studies into the device arena will 
be rapid and straightforward. Collectively, the results here show that tetragermane 
represents the most facile approach to date for the formation of Ge-on-Si structures with 
the desired optical and materials properties, suggesting that any further materials gains 
will be difficult to realize using chemical means. In this regard the pentagermane 
(Ge5H12) analogue is in principle the next logical choice in the macromolecular series of 
potential germyl hydride precursors. While quantum thermochemical calculations 
indicate that this compound exhibits a thermodynamic stability analogous to that of 
tetragermane,
90
 its deployment as a practical deposition source will only be possible if its 
intrinsic physical properties, such as volatility and reactivity, do not present a barrier. 
B. Precursor Development 
The single-source tetragermane (Ge4H10) precursor used in this study is produced 
in our labs by thermolysis of semiconductor grade Ge2H6 in a flow system at 250 °C, as 
described previously.
36
 In addition to Ge4H10, this approach also yields large quantities of 
trigermane (Ge3H8) as well as trace amounts of pentagermane (Ge5H12). The 
tetragermane fraction is isolated by distillation as a colorless liquid with a room 
temperature vapor pressure of ~1.7 Torr, allowing facile and reliable implementation of 
the molecule to the deposition process. The compound is typically stored in glass 
containers at room temperature and remains stable with no sign of decomposition (for 
several months and continuing). From a synthesis perspective we envision that the above 
Ge3H8, Ge4H10 and Ge5H12 higher-order germanes are generated from a set of coupled 
reactions with Ge2H6 as described by the idealized equations below: 
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Ge2H6 + Ge2H6 → GeH4 + Ge3H8                                                                                  (5.1) 
Ge2H6 + Ge3H8 → GeH4 + Ge4H10                                                                                (5.2) 
Ge2H6 + Ge4H10 → GeH4+Ge5H12                                                                                 (5.3) 
which can be summarized by the general equation Ge2H6 + GenH2n+2 → Gen+1H2n+4 + 
GeH4, where n =2, 3 and 4. In this process the digermane (Ge2H6) starting material 
initially dissociates to form germane (GeH4) and germylene (GeH2) intermediates via  
Ge2H6 → GeH2+GeH4                                                                                                    (5.4) 
The higher-order compounds are then produced via insertion of the reactive 
germylene into existing Ge–Ge bonds according to 
GeH2 + Ge2H6 → Ge3H8                                                                                                (5.5) 
GeH2 + Ge3H8 → Ge4H10                                                                                               (5.6) 
GeH2 + Ge4H10 → Ge5H12                                                                                              (5.7) 
We note that while the process described by reaction equation (5.1) is now 
routinely used to obtain multigram quantities of trigermane, a comparable direct route to 
tetragermane as a main product is highly desirable in the context of the deposition studies 
described in this chapter. To our knowledge, the hypothetical tetragermane synthesis 
route described in equation (5.2) may represent a direct pathway to this compound, but it 
appears not to have been explored so far. Accordingly, as a proof of principle we 
combined equimolar amounts of our trigermane and digermane in a stainless steel 
cylinder and heated the mixture at 300°C for 20 min. Distillation of the products revealed 
the presence of tetragermane and germane as well as small quantities of the starting 
materials, as expected in accordance with equation (5.2). This result provides direct 
evidence that the above reaction (5.2) may ultimately lead to routine synthesis of 
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tetragermane as the main product in quantities sufficient to carry out basic film 
depositions and to be deployed as a commercial source. To elucidate the thermodynamics 
underpinning the observed tendency for the formation of trigermane via equation (5.1) 
and its subsequent use to produce tetragermane in equation (5.2), we carried out a series 
of basic quantum chemical calculations. We adopted the same computational approach as 
in our prior successful studies on a wide range of lighter Ge based hydrides.
91
 Full 
technical details are presented in ref. 90, and here we summarize our key findings. Using 
the standard thermochemistry functions generated from our simulations we obtained the 
following reaction free energies for equations (5.1)–(5.3) at standard conditions: 
ΔG01 = −9.4 kJ mol
−1
, ΔG02 = −7.7 kJ mol
−1
, ΔG03 =−7.8 kJ mol
−1
. The values indicate 
that the driving force for all three reactions is favorable, in agreement with the trends 
observed experimentally. An intriguing possibility suggested by the large value of ΔG03 is 
that pentagermane may be accessed as a main product via Ge2H6 + Ge4H10 as described 
by equation (5.3). 
C. Deposition Studies 
The Ge-on-Si samples produced in this study were grown in a single-wafer 
custom-built deposition system equipped with gas-source molecular beam epitaxy (MBE) 
capabilities. A schematic illustration and detailed descriptions of the reactor are given in 
chapter 2.  
The depositions of Ge films were performed on conventional Si (100) wafers with 
varying resistivities using reactant stock mixtures of Ge4H10 and H2 prepared in a 3-liter 
container. The Si substrates were cleaned by a modified RCA process, dipped in 
HF/methanol solutions to hydrogen-passivate their surface and then dried with a nitrogen 
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stream. They were loaded into the reactor and out-gassed at 500 °C until the pressure was 
restored to background levels. In the final preparation step the substrates were flashed at 
850 °C to remove residual oxide contaminants. Reflection High-Energy Electron 
Diffraction (RHEED) of the wafer surface showed a streaky 2×1 reconstruction pattern, 
indicating an atomically smooth topography devoid of adsorbed impurities. The 
nucleation of the Ge layers proceeded immediately thereafter by introducing the 
molecular flux into the reaction chamber at a average steady rate of 3 liter-Torr per 
minute, at a constant working pressure of 1×10
-4
 Torr and temperatures of 370-425 °C.  
The latter were estimated from readings of a heater thermocouple located inside a heater 
enclosure, which is 3 mm away from the backside of the wafer. The actual temperatures 
of the wafer surface are expected to be 20-30 degrees lower. They could not be 
determined using a conventional single color pyrometer due to the low emissivity of Si 
under these thermal conditions.   
In all experiments, an initiation Ge layer was first produced at 380
o
C for 5 
minutes with an average growth rate of 17 nm/min. The wafer temperature was then 
gradually raised to a target setting in the range of 390-425°C and the growth was allowed 
to continue until the desired film thickness of up to several microns was obtained. Under 
these conditions a series of samples was prepared with increasing temperatures for the 
purpose of obtaining the maximum possible growth rate without compromising crystal 
quality. We found that the growth rate increased sharply, reaching an upper value of 30 
nm /minute at 400 °C.  
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Figure 36 (Left) RBS plots of Ge-on-Si(100) film. The random spectrum fit, shown in blue, is used to 
determine the thickness of the layer. The channeled spectrum, shown in red, indicates excellent material 
quality and a high level of crystallographic alignment between the epilayer with the substrate. 
 (Right) Triple-axis XRD plots showing the 004 peak and 224 Ge reciprocal space map of a Ge on Si film 
with thickness of ~ 2 m. The sample was annealed at 680 oC for 3 minutes resulting in a significant 
narrowing of both peaks. The FWHM of the 004 rocking curve was found to be 120 arcseconds. 
 
All single-layer samples produced under these conditions were initially examined 
by Nomarski microscopy and were found to be optically featureless and devoid of cracks, 
defects or other imperfections. The smooth surface morphology was confirmed by 
Atomic Force Microscopy (AFM), which showed an RMS roughness of 0.5-0.7 nm, and 
by visible-UV ellipsometry spectral analysis. The latter was also used to estimate the film 
thickness uniformity, revealing an average of 5-10% variation across the 4-inch platform.  
Rutherford Backscattering (RBS) measurements, shown in Figure 36, indicate excellent 
epitaxial alignment and very low defectivity, as evidenced by the marked decrease of the 
channeled signal intensity (red trace) across the entire epilayer thickness. X-ray 
diffraction (XRD) measurements of (224) reciprocal space maps yielded nearly identical 
horizontal and vertical lattice parameters for all samples, indicating that the Ge layers are 
cubic and free of residual compressive strains.  The 004 rocking curves exhibited full 
width half maxima (FWHM) in the range of 300-550 arcseconds, depending on thickness.  
For a typical 2-μm-thick film, as shown in Figure 36, the latter value precipitously 
decreased to 120 arcseconds by in situ annealing at 680 °C for three minutes. To our 
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knowledge, this value is substantially better than the state-of-the-art single-crystal 
heteroepitaxy of similar Ge on Si materials. Finally, XTEM characterizations revealed 
uniform, low-defectivity films with atomically planar surfaces and sharp, well-defined 
interfaces, as shown in Figure 37 for a 500 nm thick sample. The high resolution 
micrographs (not shown here) show misfit dislocations at the interface plane 
accommodating the lattice strain, as expected due to the dissimilar lattice dimensions of 
the two materials.  
                                
Figure 37 XTEM image of a 500 nm thick Ge layer grown at 410 oC on Si(100). Dislocations are visible 
near the interface region while the upper portion of the layer is defect free within the field of view. 
 
Figure 38 plots the dependence of growth rate on final temperature for 
experiments carried out using a 20:1 ratio of gaseous H2:Ge4H10 precursor mixture.  The 
data shows that between 400°C and
 
425°C the growth rate levels off, reaching the same 
saturation point for all experiments performed using this mixture. This outcome is highly 
reproducible and indicates that a distinct transition in the reaction profile occurs at 400 °C 
from the classic reaction-rate limited-regime to mass-transport-limited regime. The clear 
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distinction between the two growth regimes in our experiments suggests that at the 
pressures used to collect the growth rate data there is a dominant decomposition 
mechanism, since several competing reactions might be expected to produce a 
distribution of activation energies. In our case, however, the data can be fit with a single 
activation energy value of approximately 0.7 eV. 
                                       
Figure 38 Ge growth rates vs. temperature for Ge4H10 and Ge2H6 precursors mixed with hydrogen. The 
much higher deposition rate for Ge4H10 is attributed to its higher reactivity and larger sticking coefficient 
relative to Ge2H6. The data for the latter were obtained from a previous study in which a limited range of 
temperatures was employed. A fit of the low temperature data for Ge4H10 gives a growth activation energy 
of 0.7 eV. 
 
Another important outcome of our experiments is that much smaller quantities of 
Ge4H10 were needed to prepare the Ge films relative to the more common Ge2H6 source, 
indicating that the conversion of gaseous Ge into solid film proceeds with higher 
efficiency using the former.  In fact, since the amount of precursor used for any growth 
experiment can be easily estimated using the ideal gas law, and the amount of deposited 
Ge can be determined from the area of the wafer and the film thickness, we can obtain 
absolute values for the deposition efficiency in our chamber. We find that the fractional 
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Ge incorporation into the epilayer increases from 30% up to 50% when the reaction 
temperature is raised within the narrow window of 380
o
C to 400
o
C. Beyond this 
threshold point, the deposition efficiency saturates in the same manner as the growth rate, 
as expected. The high gas-to-solid conversion found here for tetragermane is even more 
impressive when compared to the 4% value observed for films grown under similar 
conditions at 425 °C by reactions of the Ge2H6 hydride analogue (Figure 38).      
The absolute efficiency values depend on the reactor design and geometry, and 
therefore are not universal quantities, but nevertheless they provide very important clues 
about the dominant reaction mechanism. The observation that the deposition efficiency in 
our reactor exceeds 50% places severe constraints on the possible growth mechanisms 
involving the tetragermane molecule. We note that as in the liquid phase, gaseous Ge4H10 
was found to exist in two distinct isomers, the branched GeH(GeH3)3 ―iso‖ and the linear 
straight-chain GeH3GeH2GeH2GeH3 ―normal‖ (gauche and anti  rotomers) as shown in 
Figure 39. The ―iso‖ to ―normal‖ ratio at room temperature was estimated to be 80% to 
20%, and this increases to nearly 95:5 above 300°C by interconversion of the linear 
conformers into ―iso‖ compound, indicating that the latter becomes the predominant 
species at the growth front under our depositions conditions. In previous work on Si-
growth using the similarly structured neopentasilane Si(SiH3)4 as a precursor, Chung 
produced a systematic list of all likely reaction pathways.
92
 Some of these pathways, 
including one deemed to be consistent with all experimental data, involved the 
elimination of up to four Si atoms in the form of SiH4. Our observed deposition 
efficiencies allow us to rule out similar mechanisms in the case of tetragermane. Since 
growth rates for Ge2H6 and GeH4 under the experimental conditions of the tetragermane 
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GeH(GeH3)3 growth experiment are negligible (Figure 38), the elimination of three GeH4 
molecules would cap the deposition efficiencies at 25%, less than the observed values. 
Furthermore the elimination of two GeH4 molecules or one Ge2H6 unit would cap the 
deposition efficiency at 50%, requiring that every single Ge4H10 molecule should react 
with the surface, which is clearly unrealistic. Accordingly, our results might be 
interpreted by a reaction pathway in which at least three Ge atoms from Ge4H10 are 
incorporated into the growing film. One possible mechanism is analogous to a similar 
process proposed by Chung in the case of neopentasilane,
92
 which was also found to be 
consistent with the experimental data. In this process, one of the H atoms from the three 
GeH3 groups in GeH(GeH3)3 combines with a surface H atom, releasing H2 gas and 
leaving a H2Ge-GeH-(GeH3)2 intermediate on the surface site that opens up. The central 
Ge-Ge bond is then attacked by another H surface atom, releasing trigermane Ge3H8 and 
leaving a dangling bond and a germylene GeH2 on the surface. This process would be 
consistent with our deposition efficiencies if the trigermane further reacts with the surface, 
so that at the end of the process at least two of its three Ge atoms are incorporated into 
the film. In fact, this is consistent with recent results from our group involving the growth 
of GeSn alloys using trigermane Ge3H8 and deuterated stannane SnD4. We find that (at 
the temperatures of the experiments described here) the Ge/Sn ratios in the gas mixture 
and the grown film are about the same, suggesting that the three Ge atoms in trigermane 
are incorporated into the film.
93
 In a variation of this process, the H ligands of the 
terminal GeH3 groups could be eliminated to condense the full molecular core ―GeGe3‖ 
intact into the crystal, leading to the observed high levels of Ge incorporation.  
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Figure 39 Schematic diagram depicts the thermal inter-conversion of the linear GeH3GeH2GeH2GeH3 
(gauche and anti rotomers) at left to the branched ―iso‖ GeH(GeH3)3 species at right.  The proportion of the 
latter increases with temperature, ultimately becoming the dominant isomer at the target 380-400 °C range 
employed for deposition of the Ge films.  
 
Additional research is needed to definitively establish the growth mechanisms 
using the tetragermane precursor. Growth studies in which the Ge4H10 partial pressure is 
systematically varied will be very useful. Preliminary results in this regard suggest a 
sublinear dependence of the growth rate on Ge4H10 partial pressure. One possible 
explanation for this behavior might be the appearance of a secondary, less efficient path 
for Ge incorporation in the presence of open surface sites generated by the dominant 
growth mechanism. For example, if in the presence of open surface sites the Ge4H10 is 
incorporated in a process that releases 2 or 3 GeH4 molecules, the overall growth rate will 
not increase proportionally to the Ge4H10 partial pressure.  
Finally, we note that efforts to further improve the efficiency and deposition rate 
by raising the reaction temperatures several degrees above the 425°C threshold produced 
rough and defective films, signifying a departure from the layer by layer growth mode. 
This led to an overall degradation of the film quality and rendered the final product 
unacceptable for device applications. In this regard, we speculate that further refinements 
of the process parameters to improve the efficiency is likely to involve gas-pressure 
adjustments and enhancement of the molecule impingement rate at the wafer surface by 
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optimizing the gas delivery configuration. Nevertheless the deposition protocols 
developed to date deliver a nearly perfect rate of reproducibility of thick Ge layers on Si 
with excellent reliability in material quality. As a consequence we were able to use these 
materials to produce high performance photodiodes with varying active layer thicknesses 
as described in detail in section D. In addition single layers grown on high resistivity Si 
allowed a thorough initial characterization of the intrinsic electrical properties to be 
performed, as described below.  
D. Electrical measurements 
Electrical measurements were conducted on Ge films with thicknesses of 500 and 
800 nm grown on highly resistive p-type Si (100) substrates (>1000 -cm).  To ensure 
that the measurements were accurate, the layers were first fabricated into platforms with 
standard van der Pauw cloverleaf geometries having 5 and 2 mm diameters. This 
arrangement ensured precise control of size and placement of electrical contacts, while 
isolating the Hall structure from the bulk of the layer to improve measurement reliability. 
The sample preparation proceeds by first depositing a 150 nm protective layer of SiO2. 
Hall structures in mesa geometry were then defined using photolithography and the 
remaining Ge material was etched using BCl3 plasma down to the substrate. 
Contributions from edge effects to the electrical measurements were then minimized by 
depositing a second oxide layer to passivate the mesa surfaces. Metal contacts were 
defined using photolithography by first etching the oxide from the target areas, then 
successively evaporating 20 nm of chromium and 200 nm of gold followed by acetone 
lift-off.  Prior to measurements, the samples were cleaned in oxygen plasma to remove 
residual photoresist contaminants.   
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Hall-effect measurements were performed at room temperature using an Ecopia 
Hall system (HMS-3000) fitted with a 0.530 T permanent magnet. Measurements were 
obtained from both the as-grown Ge layers and layers which had been subjected to rapid 
thermal annealing at 750
o
C for 10 seconds, 3 times, to improve their crystallinity by 
reducing the overall defectivity. The background doping was found to be of p-type, with 
carrier concentrations at levels of 1-3×10
16 
cm
-3
. The measured hole mobility for the 
films—μh ~ 800 cm
2
V
-1
s
-1—is about one-half the mobility μh = 1500 cm
2
V
-1
s
-1
 obtained 
in bulk Ge samples with similar hole concentrations. We speculate that this reduction in 
mobility could be a result of carrier scattering at the Si-Ge interface.   
E. Device Studies 
The Ge films produced here were used to fabricate two prototype detectors 
containing 900 nm and 2100 nm intrinsic layers for the purpose of comparing and 
contrasting diode performance. We anticipated that samples with thickness larger than 
those in prior devices would exhibit more bulk-like behavior by increasing the volume 
fraction of defect-free film away from the interface, thereby reducing dark currents. The 
larger thicknesses should also increase the long-wavelength optical responsivities. 
                                                                                 
Figure 40 Schematic representation of the Ge photodetector devices fabricated for this study.  
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Both p-i-n devices in heterostructure geometry (see Figure 40) were grown on 
highly doped p-type Si(100) wafers (bottom electrode) with nominal resistivity ρ = 0.01 
Ω·cm. The diode structures were formed by first depositing the 900 and 2100 nm thick 
nominally intrinsic layers directly on Si at 400ºC, as described above. The samples were 
then annealed in-situ at 680
o
C for three minutes under high vacuum to improve the 
crystallinity of the as-grown material as was typically done for the single layers described 
above.  This step significantly reduces the concentration of threading dislocations and 
point defects. After quenching the sample to the 400°C growth temperature, a 200 nm n-
type capping Ge layer (top electrode with 1100 nm total thickness) was then deposited 
under the same conditions by adding appropriate concentrations of the single source 
P(GeH3)3 to the reaction mixture.   
                                      
Figure 41 XTEM micrographs of the Ge device comprising a 2100 nm undoped layer and a 200 nm n-type 
top electrode deposited on highly doped p-type Si(100) at 400oC. The film exhibits a flat surface and 
mostly defect-free microstructure within the field of view. High resolution image of the Ge/Si interface 
(inset) showing the expected epitaxial registry of the 111 diamond-cubic lattice planes. 
 
Spectroscopic ellipsometry measurements indicate that this method yields active 
carrier concentrations of 1-2 × 10
19
/cm
3
 in the as-grown layer without the need for further 
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thermal activation. SIMS profiles show a uniform distribution of the P dopant atoms in 
the top layer and reveal a sharp transition between the n-doped and intrinsic regions, 
indicating no discernible inter-diffusion across the junction of the device. We note that in 
this case the samples were not subjected to thermal processing following the formation of 
the doped overlayer to avoid diffusion of the P atoms across the junction into the active 
layer. The diode stack was then further characterized by Nomarski, XRD, RBS, AFM and 
XTEM to assess its structural and morphological suitability prior to device fabrication. 
Triple axis plots of the 004 Bragg reflections and the 224 reciprocal space maps of both 
devices structures show a residual tensile strain of ~ 0.14%, induced by the annealing of 
the intrinsic layer as a consequence of the difference in thermal expansion with the Si 
substrate. The FWHM of the 004 peaks was measured to be as low as 120 arcseconds, as 
observed previously for the single layer structures. The channeled RBS spectra reveal 
fully epitaxial and highly aligned structures with the underlying Si (100). XTEM 
micrographs (Figure 41) show a continuous layer with no discernible interruption in 
growth between the 2100 nm thick intrinsic layer and the 200 nm thick n-type overlayer, 
indicating a seamless transition from undoped to doped regions in spite of the 
intermediate annealing step. Here the bulk film is largely featureless and devoid of lattice 
defects, as indicated by the uniformly homogeneous contrast of the micrograph. The 
Si/Ge interface contains the typical profile of mismatch-relieving dislocations shown as 
darker contrast features near the bottom of the layer. The high resolution micrograph 
(inset Figure 41) displays the expected commensuration between the Si and Ge (111) 
lattice fringes of the cubic structure and reveals a periodic array of Lomer defects 
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confined to the growth plane. These defects accommodate most of the lattice mismatch 
between the two materials. 
Photodiode devices were fabricated using similar processing protocols to those 
described in previous reports for GeSn and SiGeSn on Si structures.
19,30,34,42 
Briefly, 
circular mesas with diameters ranging from 50 µm to 3 mm were first defined by 
photolithography and then etched down to the substrate surface using BCl3 reactive ion 
plasmas. The resultant mesas were passivated by a SiO2 layer which also serves as 
antireflection coating.  The thickness of the latter was varied from 270 nm in the 1100 nm 
device to 100 nm in the 2300 nm thick analogue. The latter thickness was optimized to 
serve as a suitable window to operate our devices as Ge-on-Si solar cells. Lastly the 
Cr/Au metal contacts were deposited by e-beam and defined by lithography.  
Current-density-voltage measurements were performed on mesas of 100-1000 µm 
diameters. Representative curves are shown in Figure 42 a, b for samples with 1100 nm 
and 2300 nm total thickness, respectively. The plots indicate a good rectifying behavior 
in all cases. The devices exhibit nearly identical dark current densities of 1-2×10
-2
 
J(A/cm
2
) regardless of layer thickness and mesa size across the entire 100-1000 µm range. 
These dark currents are on par or better with of state-of-the-art values for Ge-on-Si 
diodes with similar device designs. They are also comparable to those observed for Sn-
doped Ge reference devices produced using our CVD approach described in Ref. 42. In 
this case the Sn atoms facilitate layer-by-layer fabrication of bulk-like films with low 
defectivities exhibiting enhanced optical response relative to pure Ge counterparts. 
However, in spite of the ultra-low Sn concentrations some alloy effects are seen in these 
samples. For example, the hole mobility at low carrier concentrations is well below that 
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of bulk Ge. Finally, we note that the dark currents of the tetragermane Ge devices are 
significantly lower—by an order of magnitude—than those of Ge counterparts produced 
using the (GeH3)2CH2/Ge2H6 method. This is likely a result of higher levels of 
electrically active impurities found in the latter system. Collectively, the low dark 
currents and good transport properties, which require low concentrations of deleterious 
contaminants, are a testament to the superior purity of the tetragermane samples. This can 
be traced back to the straightforward, one-step preparation method of the compound via 
pyrolysis of commercially-available electronic-grade Ge2H6 in the absence of organic 
solvents. 
            
Figure 42 Current Density vs. voltage plots for Ge/Si(100) pin diodes with 1100 nm (a) and 2300 nm (b) 
thicknesses.  The plots compare I-V curves from mesas with sizes ranging from 100-1000 nm in diameters. 
Corresponding Arrhenius graphs of the dark current densities at reverse bias of 0.5-3.0 V are shown in 
panels (c) and (d). The activation energies Ea are obtained from the slope of the lines and are listed in the 
figure as a function of reverse bias. 
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The activation energy Ea for the dark current was determined from Arrhenius 
plots as a function of inverse temperature (1/T) for a sequence of reverse bias values 
between 0.5 and 3 V, as shown in Figures 42c and 42d. At the lowest reverse bias, the 
activation energy for the two samples are Ea = 0.43 eV (1100 nm-thick) and Ea = 0.48 eV 
(2300 nm-thick). These are higher than Eg/2, where Eg is the fundamental band gap of Ge 
at 0.67 eV. We thus conclude that the Shockley-Read-Hall (SRH) generation mechanism 
via defects, with activation energy Ea = Eg/2 is the main but not the dominant source of 
the dark current. A sizable diffusion component (activation energy Ea = Eg) must be 
present to explain our results. This has only been observed in the highest-quality Ge-on-
Si diodes,
94
 confirming the viability of our new tetragermane route.  
 
Figure 43 Responsivity at zero bias for the two Ge/Si heterostructure diodes whose I-V characteristics are 
shown in Figure 42. The solid lines represent a theoretical fit in which the collection efficiency η is the only 
adjustable parameter. The theoretical model neglects the contribution from indirect gap absorption, and 
therefore it is not expected to reproduce the measured responsivity at the longest wavelengths. The inset 
shows the responsivity at 1450 nm as a function of the reverse bias.  
 
The responsivity of the diodes was measured at zero bias using monochromatic 
light produced from a tungsten halogen lamp. The light was passed through an optical 
chopper and focused onto the SiO2 window of the device generating a photocurrent, 
which induces a voltage across a 100 Ω resistor in the circuit. A lock-in amplifier was 
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used to measure the induced voltage, and thus calculate the responsivity. Results are 
shown in Figure 43. The solid lines are theoretical predictions using the model described 
in Ref. 42, with the only adjustable parameter being the collection efficiency η. The 
model assumes that only electron-hole pairs generated in the nominally intrinsic region 
are collected, and it neglects indirect gap absorption. Thus the responsivity measured at 
the longest wavelengths past the direct gap of Ge at 1550 nm is not reproduced. On the 
other hand, the effect of residual strain on the absorption edge, as well as interference 
effects due to the optical contrast at the Ge/Si interface, are fully taken into account, and 
therefore the model is able to match the direct absorption edge and reproduce the small 
oscillations in the responsivity as a function of the wavelength that are apparent in the 
1100 nm diode. For the 2300 nm diode, the predicted oscillations are too weak to be 
observed.  
The collection efficiencies measured here are significantly larger than those 
observed in samples with a similar geometry grown via either the SnD4- or the 
(GeH3)2CH2-additive methods, confirming the superiority of the tetragermane approach. 
However, the fitted values of η at zero bias are still less than unity. We attribute this to a 
non-constant electric field in the nominally intrinsic region due to residual doping. The 
inset in Figure 43 shows the reverse bias dependence of the responsivity at 1450 nm, and 
we notice that the value η = 1 is reached for V = -2.2 V, which corresponds to a depletion 
length of about 700 nm for p =10
16
 cm
-3
. This is quite close to the thickness of the 
intrinsic layer (900 nm) in this device, consistent with our interpretation. Moreover, we 
note that the zero-bias collection efficiency η is somewhat smaller in the thicker diode.  
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F. Conclusions 
We have discussed a new, Ge4H10-based approach to Ge-on-Si deposition that 
enables the growth of Ge films with very high growth rates at unprecedented low 
temperatures. We believe that this method represents a superior alternative to all current 
Ge-on-Si technologies, particularly from the perspective of high-throughput, low cost 
industrial production. The structural and electrical properties of the grown films are 
superior or comparable to the best results obtained via alternative methods, and the high 
deposition efficiency insures an optimal use of the germanium feedstock.  
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CHAPTER 6 
STUDY OF TRANSITION ENERGIES OF GE-BASED GROUP IV MATERIALS BY 
ELLIPSOMETRY 
A. Ellipsometry: Introduction and Theory 
Compositional dependences of lowest direct band gap and indirect band gap for Si-
Ge-Sn materials have been successfully summarized with data from photoluminescence 
and absorption edge measurements in chapter 4. However, these methods could not offer 
any information for higher transitions in the band structure. In order to elucidate the 
effects of band gap engineering by adjusting the Si, Ge and Sn contents in this ternary 
system within a much wider energy range (0-6 eV), some other methods need to be 
incorporated. Upon this consideration, one perfect technique turned out to be 
ellipsometry.  
Ellipsometry is a powerful yet contactless and non-destructive characterization 
technique in the materials science field. It has wide applications in determining the 
properties of semiconductors, insulators and metals, for both thin films and bulk materials. 
In this thesis, ellipsometry is used to obtain film thicknesses, doping levels, and most 
importantly, transition energies of group IV semiconductors. 
Figure 44. Schematic diagram showing ellipsometer configuration. 
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The schematic diagram of an ellipsometer is shown in Figure 44. Light generated 
by a xenon lamp is filtered by a monochromator (integrated into the light source). This 
light then goes through the input linear polarizer and then strikes the sample. The 
reflected beam usually has a different state of polarization; in most cases, it will be 
elliptically polarized. It then passes through an output polarizer (analyzer), which often 
rotates at a constant rate, and finally goes into a detector. Input and output compensators 
are optional and are not shown in this diagram.  
After a sample has been measured, the data collected are shown as two curves. One 
is Ψ versus photon energy; the other is Δ versus photon energy. The angles Ψ and Δ are 
defined via 
tan
p i
s
R
e
R
    

                                                                                        (6.1) 
Here Rp and Rs are the p- and s-direction complex Fresnel reflection coefficients of the 
sample, and ρ is called the complex ellipsometric parameter , which equals the ratio of 
these two coefficients. tanΨ is the magnitude of the ratio, and Δ is the phase difference 
between R̃p and R̃s. 
However, Ψ and Δ are not directly acquired by the instrument. The detector collects 
the output light beam’s intensity and transforms it into voltage signal, which is recorded 
as a function of time. Since the analyzer rotates at a constant speed, the V(t) curve has the 
shape of a sinusoidal wave. This wave is then Fourier transformed into a normalized 
constant (which is 1) and a combination of a sine wave and a cosine wave, with 
coefficients α and β respectively: 
( ) 1 cos(2 ) sin(2 )V t t t                                                               (6.2) 
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 It is possible to show that α and β so defined are determined by R̃p , R̃s and the 
input polarizer azimuth P, which is always known. The detailed derivation can be found 
in many fundamental ellipsometry books, and in the manual for our VASE ellipsometer.
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With a known P angle and the α and β value obtained by fitting the detected V(t) curve, 
we can get the following expressions: 
1
tan tan
1
P
 
 
                                                                                        (6.3)                                        
2
tan
cos
tan1
P
P


 

                                                                                     (6.4) 
The physical parameters of interest such as the real and imaginary refraction indices n 
and k, and dielectric functions ε1 and ε2, can be calculated from Ψ and Δ, by combining 
equation 6.1 and the following equations: 
2 2 2
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Here  is the incident angle. 
Band structure information could be extracted from ellipsometry data. Figure 45 is a 
plot of the imaginary dielectric function ε2 versus photon energy for a GeSiSn sample. 
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Sharp features in the spectrum correspond to critical points in the electronic joint density 
of states. These features can be dramatically enhanced by studying derivatives of the 
dielectric function. In principle, the higher the derivative order, the better the critical 
point can be singled out from the background, but since the derivatives must be computed 
numerically, there is a limit imposed by data noise. In practice, a good compromise 
between the limits imposed by noise and the need to use high derivatives is to consider 
second derivatives of the dielectric function. 
                
Figure 45. Plot of imaginary dielectric function ε2 vs. wavelength for a GeSiSn sample. 
 
Once a sample is measured by ellipsometry, the instrument’s software computes its 
ε1 and ε2 values (or its n and k values) as a function of wavelength from the Ψ, Δ 
parameters by assuming a semi-infinite solid with an unreconstructed surface. However, 
the dielectric function obtained this way is not identical to the dielectric function of the 
material, and it is often called the pseudodielectric function in the ellipsometry literature. 
The reason why the pseudodielectric function is not the identical to the material’s 
dielectric function is that real samples are never bulk semi-infinite mono-crystalline 
materials with clean, unreconstructed surfaces. Instead, a typical sample often consists of 
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a layer of a material grown on a substrate, with roughness, and a thin layer of oxide at the 
surface.  
At high energies for which the top film is highly absorbing, the pseudodielectric 
function is roughly proportional to the real dielectric function, with a factor less than 
unity caused by surface roughness and oxides. At low energies, on the other hand, the 
light reaches the film/substrate interface and one sees typical oscillations in the spectral 
dependence of the pseudodielectric function. These are due to interferences between the 
reflections at the top surface and the interface and can be used to determine the film 
thickness. 
In the early days of spectroscopic ellipsometry, the only practical way to handle the 
difference between the pseudodielectric and the real dielectric functions was to minimize 
this difference by studying the thickest possible films and cleaning the surface as 
thoroughly as possible. With the more recent availability of powerful personal computers, 
it is now possible to build complex optical models that simulate the entire structure, 
including substrate, film, roughness, and oxide layers.  
The basic goal of the optical model is to extract the dielectric function of the 
material under investigation. The model is built using the optical constants of the 
substrate and the top oxide, which are assumed to be known and extracted from a 
database provided by the ellipsometry software. Therefore, the adjustable parameters in a 
typical measurement include the top oxide thickness, the film’s real and imaginary parts 
of the dielectric function at each wavelength, and the film thickness. Roughness can be 
treated as an average between the dielectric function of the film and air. Fits performed 
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under these conditions, however, rarely converge to physically meaningful results, so one 
proceeds in a two-step function.  
In the first step of the fits one builds a realistic physical model of the dielectric 
function of the film. For typical semiconductors, for example, one can use a model 
developed by Johs and Herzinger.
96
 This model uses a large amount of parameters 
(usually more than 50) to build up the lineshape of the optical constants ε1 and ε2. In spite 
of the many parameters, the fit is drastically more constrained than a fit in which the real 
and imaginary part of the dielectric function can take any value at each wavelength. 
Moreover, the model dielectric functions automatically enforce Kramers-Kronig 
consistency between their real and imaginary parts. This fitting method is much more 
likely to converge than fits in which the dielectric functions are unconstrained, and the 
dielectric functions so obtained are usually very close to the actual dielectric function of 
the material. However, the fact that the model dielectric function fits the data well does 
not guarantee that the derivatives of the model dielectric function will be realistic enough 
to extract critical point values, since minor changes within the error of the fit parameters 
can induce large changes in the derivative of the model dielectric functions.   
The solution to the derivative problem is to perform a second fitting step. In this 
step all layer thicknesses determined in the first step are kept fixed, and the only 
adjustable parameters are the real and imaginary part of the dielectric function of the film. 
This is called a point-by-point fit because the algorithm uses the values of the dielectric 
function at one wavelength as seeds for the fit of the dielectric function at the next 
wavelength. By choosing adequate starting values, usually from the model dielectric 
function in the first step one can obtain very good agreement between the data and fit. It 
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is expected that the point-by-point dielectric function and the model dielectric functions 
should be very close to each other. Unfortunately, point by point fits can be unstable, and 
the starting value choice can affect convergence. Sometimes a small gap between two 
adjacent data points may distort the fit completely. Moreover, since the fit is strict ly point 
by point, the resulting lineshapes incorporate noise. Therefore, the calculation of 
derivatives from these lineshapes is not trivial. It is usually done using smoothing 
algorithms such as the Sawitzky-Golay method. 
 
Figure 46. Second derivatives of ε1 and ε2 obtained from a point by point fit for a GeSiSn sample (dashed 
line) and a 5-oscillator fit to the two derivatives at the same time (solid line). The dashed axis at 6.11eV 
separates the derivatives of ε1 and ε2. 
 
Second derivatives of the optical constants enhance the critical point contributions 
and make it possible to extract their energies in an obvious and reliable manner. In this 
study, the second derivatives of the dielectric functions obtained by point-by-point fit are 
used to determine transition energies. The calculation method of the second derivatives is 
the same as the method used in the thesis of Dr Vijay D’costa from our group.97 A series 
of corrected Savitzky-Golay coefficients with a polynomial of degree 5 are used to 
 120 
numerically differentiate and smooth the dielectric functions.
98,99
 A set of 21 coefficients 
are chosen to conduct the calculation in this study. The equation is: 
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And it could be expressed as: 
2 10
,2,5,212
10
i
i i
i
d
C
dE




                                                                                              (6.9)   
Here ΔE is the photon energy interval in between adjacent data points, which is 
determined in the data collection process. Most commonly, 10 meV intervals are used; in 
some cases, due to data availability, we have to use 20 meV intervals. N2,5,21 is the 
normalization constant, which is 980628 for 21 coefficients. C values are the corrected 
serial coefficients provided by ref. 99. The table below shows the original C values and 
the C' values which incorporate ΔE and N. 
It is easy to understand that, by using the 21-coefficient series, there will be no 
calculated derivative value for the first and last 10 data points. If a 25-coefficient series is 
used (values not shown here), first and last 12 data points will have no corresponding 
derivatives. Based on our data analysis, 13-point, 21-point and 25-point calculations give 
very similar results for data obtained by parametric fits, while 21 and 25-point 
coefficients work better for calculating point-by-point fit data. One should note that the 
coefficients given in ref. 98 and 99 are numerically different. This makes the derivatives 
obtained by using these two sets of coefficients differ by a factor of 12. However, this 
difference does not affect our data analysis in this study. 
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________________________________________________________________________ 
     C2, 5, 21                 C’2,5,21 (ΔE=10 meV)            C’2,5,21 (ΔE=20 meV) 
     -12597                         -128.458                                     -32.1146 
        3876                          39.5257                                9.88142 
      11934                        121.6975                                30.4244 
      13804                        140.7669                                35.1917 
      11451                        116.7721                                29.1930 
        6578                        67.07946                                16.7699 
          626                          6.38366                                1.59592 
       -5226                         -53.2924                               -13.3231 
     -10061                         -102.598                               -25.6494 
     -13224                         -134.852                               -33.7131 
     -14322                         -146.049                               -36.5123 
     -13224                         -134.852                               -33.7131 
     -10061                         -102.598                               -25.6494               
       -5226                                -53.2924                                       -13.3231 
          626                                  6.38366                                        1.59592 
        6578                                67.07946                                        16.7699 
      11451                                116.7721                                        29.1930 
      13804                                140.7669                                        35.1917 
      11934                                121.6975                                        30.4244 
        3876                                  39.5257                                        9.88142 
     -12597                                -128.458                                       -32.1146 
Table 3. 21 Savitzky-Golay coefficients for second derivative calculation and the modified coefficients for 
different energy step sizes.  
 
The profile of the second derivatives of ε1 and ε2 depend greatly on the composition 
and quality of a sample. The critical energy values are easier to identify through d
2
 ε2/dE
2
 
vs. E plots, because they occur right at the local minima of the curves. On the other hand, 
for ε1, the transition energies are represented by local inflection points which are hard to 
locate. Samples with sharp features at critical points usually give distinct peaks denoting 
different transitions, some of which are almost perfectly Gaussian-shaped so that the 
values can be readily obtained. For many other samples, the features of dielectric 
function curves at critical points are smooth and broad. Thus these derivatives require 
some further fitting to extract accurate transition energy values.  
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The equation used to fit the second derivatives is as below: 
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                                                                                   (6.10) 
This equation is used in the visible range. Each item in the summation represents a 2-
dimentional minimum and a saddle point. For transition j, Aj is the amplitude, Ej is the 
transition energy, Γj is the broadening, and Φj is the phase angle determined by the 
geometrical feature of the critical point.
97
 It is a complex expression, so that the real and 
imaginary parts must be fitted simultaneously. In order to fit the real and imaginary parts 
at the same time, d
2
 ε1/dE
2
 and d
2
 ε2/dE
2 
are plotted together, and two separated parts of 
equation 6.10 are used to fit them simultaneously by a least-square procedure with a 
Levenberg-Marquardt algorithm.
100
 Figure 46 is an example for this fitting method on a 
GeSiSn sample. Five oscillators are used to fit transitions E1, E1+Δ1, E0', E2 and E1'. In 
the following sections of this chapter, the results of our studies for these transitions will 
be presented. 
B. Ge1-xSnx binary system 
The GeSn samples in this study are grown in UHV-CVD or gas-source MBE 
reactors. Low Sn content samples are grown directly on Si, while high Sn ones are grown 
on Ge or GeSiSn buffers. Their thicknesses are within the 400-1000 nm range and strains 
range from -0.3% (compressive) to fully relaxed. All of the samples selected here are of 
good crystal quality corroborated by RBS and XRD, and they all show decent PL signals.  
Since the lowest direct band gap E0 has been thoroughly studied by PL, this study 
will concentrate on transitions in the higher energy range. More specifically, we analyze 
our samples with the UV-Vis ellipsometer at room temperature and study transitions E1, 
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E1+Δ1, E0', E2 and E1'. The Sn contents range from 0.3% to 11%. A Ge on Si sample is 
used as the ―0% Sn‖ reference, and the transition energies for pure α-Sn are from ref. 97 
and 103. 
1. E1 and E1+Δ1 transitions. These two transitions are both located at the L point 
of the k-space map. E1 is from the conduction band minimum to the heavy hole valence 
band, and E1+Δ1 is the transition from the conduction band minimum to the light hole 
valence band. They are fitted with a common phase angle Φ1. Figure 47 and 48 show the 
compositional dependence of E1 and E1+Δ1 transition energies. By setting the Sn content 
as x, the equation used to fit the data sets is:  
Ei(x)=Ei
Sn
x+Ei
Ge
(1-x)-bi
GeSn
x(1-x)                                                                      (6.11) 
The bowing parameter for E1 and E1+ Δ1 are 1.34 eV and 1.13 eV respectively, which 
should be compared with the corresponding values 1.65 eV and 1.05 eV reported in ref. 
97. 
Figure 49 and 50 shows the relationships between the amplitudes of transitions E1 
and E1+ Δ1 and compositions. They both show decreasing trend with increasing Sn 
content, and the slopes are -8.1 for AE1 and -15.6 for AE1+Δ1. These trends are consistent 
with observations in ref 97, which was previously conducted in our group. By looking at 
the bowing parameters of E1 and E1+ Δ1, we can conclude that the spin-orbit splitting Δ1 
has a very small negative bowing. Figure 51 and 52 show the compositional dependence 
of broadening of E1 and E1+ Δ1. They both show negative bowing, and the bowing 
parameter for E1+ Δ1 (-0.49 eV) is smaller than the bowing for E1 (-0.67 eV). Figure 53 
shows the compositional dependence of the common phase angle Φ1 for transitions E1 
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and E1+ Δ1. The value of Φ1 decreases with increasing Sn content, showing a trend that 
agrees well with the results from previous studies.
97
 
 
Figure 47. Compositional dependence of E1 for GeSn system. 
 
 
 
Figure 48. Compositional dependence of E1+ Δ1 for GeSn system. 
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Figure 49. Compositional dependence of AE1 for GeSn system. 
 
 
 
Figure 50. Compositional dependence of AE1+Δ1 for GeSn system. 
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Figure 51. Compositional dependence of ΓE1 for GeSn system. 
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Figure 52. Compositional dependence of ΓE1+Δ1 for GeSn system. 
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Figure 53. Compositional dependence of  Φ1 for GeSn system. 
 
2. E0', E2 and E1' transitions. The small feature of dielectric constants near 3.1 eV 
for Si-Ge-Sn materials correspond to transitions E0' and E0'+Δ0', which take place at or 
near the Γ point in the k-space. Since they are both very weak, we are not able to resolve 
them at room temperature by using current instruments. Thus these two transitions are 
treated as one transition and named E0'. 
For the GeSn system, there is always a sharp feature in the lineshape of the 
dielectric function around 4.3 eV, which is named the E2 transition. In the case of pure 
Ge, calculations show that E2 is not a single transition but a combination of two or more 
transitions over extended regions of the BZ. Since they have very close energies that are 
difficult to differentiate, they have been treated as one transition and fitted with one 
oscillator in this study. 
There is another transition for GeSn materials around 5.5-5.6 eV, which is named 
E1'. It’s a transition from a higher conduction band to valence band at the Λ region near L 
point. This transition has not been covered in many references, and here we show some 
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preliminary analysis. As we can see from figure 45 and 46, the intensity of this transition 
is very weak, so it is difficult to model it accurately based on our current data. However, 
we do see a clear trend on the transition energy’s compositional dependence, which is 
plotted in figure 56. No significant trend has been observed on the amplitudes, 
broadenings and phase angles for E1' transitions in GeSn system with current sample 
quality. 
Figure 54, 55 and 56 show the compositional dependence of E0', E2 and E1'. E0' 
shows a bowing parameter of 0.74 eV, E2 shows a bowing parameter of 0.40 eV, and E1' 
shows a bowing parameter of 0.69 eV.  
             
Figure 54. Compositional dependence of E0' for GeSn system.   
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Figure 55. Compositional dependence of E2 for GeSn system.   
 
 
Figure 56. Compositional dependence of  E1' for GeSn system.  
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Figure 59 shows the phase angle of transition E0' for different Sn contents, a clear 
decreasing trend is observed.  
             
Figure 57. Compositional dependence of ΓE0’ for GeSn system.  
 
             
Figure 58. Compositional dependence of ΓE2 for GeSn system.  
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Figure 59. Compositional dependence of  Φ0’ for GeSn system. 
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C. Ge1-x-ySixSny ternary system 
The Ge1-x-ySixSny samples studied in this chapter are chosen from samples grown 
for the studies of chapters 2, 3 and 4. Samples from chapter 2, which are lattice matched 
to Ge, are grown on Si or Ge substrates. Samples from chapter 3 are grown directly on Si, 
with the relationship y>x. Samples from chapter 4 are grown on Ge buffered Si, with the 
relationship y>x as well. All the samples are of outstanding quality and reasonable 
thicknesses (300-1000 nm), and possess strain values within -0.3% (compressive) to 0. 
PL signals have been observed from all of the samples in the Sn-rich category. 
The data collection and analysis are similar to the process described in the GeSn 
section. UV-Vis ellipsometry spectra up to 6 eV are collected and fitted with a point-by-
point method. Second derivatives of dielectric constants ε1 and ε2 are obtained by 21-
point calculation coefficients and are fitted with a 5-oscillator equation. We are able to 
identify and fit 5 transitions: E1, E1+Δ1, E0', E2 and E1'. Each transition has four fitting 
parameters: energy E, broadening Γ, amplitude A and phase angle Φ. (Transitions E1 and 
E1+Δ1 have a common phase angle.) Here we present an analysis of these transitions for 
GeSiSn ternary system. The transition energies in alloy semiconductors can be well 
represented, with very few exceptions, by quadratic functions of the composition. The 
quadratic coefficients are called bowing parameters. For a ternary alloy such as GeSiSn, 
with two compositional degrees of freedom, the corresponding quadratic expression is: 
Ei(x,y,z)=Ei
Si
x+Ei
Sn
y+Ei
Ge
z-bi
SiGe
xz-bi
SnGe
yz-bi
SiSn
xy                                         (6.12) 
Since x, y, z satisfy  x+y+z=1, the equation above could be written as: 
Ei(x,y)=Ei
Si
x+Ei
Sn
y+Ei
Ge
(1-x-y)-bi
SiGe
x(1-x-y)-bi
SnGe
y(1-x-y)-bi
SiSn
xy               (6.13) 
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The validity of Eq. (6.13) implies that the compositional dependencies of energies 
in GeSiSn are fully determined by the correspondent dependencies in the binary SiGe, 
GeSn, and SiSn alloys. Of these, the SiSn dependencies are not known, so in our fits we 
will use the bowing parameter b
SiSn
 as the sole adjustable parameter. The other 
parameters will be taken from the literature or from our own fits of GeSn alloys. 
1. E1 and E1+Δ1 transitions.  
For transition E1, we have E1
Si
=3.395 eV,
101
 E1
Sn
=1.27 eV,
97
 E1
Ge
=2.109 eV (this 
study), b1
SiGe
=0.163 eV (average reference values from ref. 97), and b1
SnGe
=1.34 eV (this 
study). Thus the only unknown parameter is b1
SiSn
. By fitting our E1 data to equation 6.13 
with the above values, we have obtained b1
SiSn
=9.02 ±1.11 eV. 
For transition E1+Δ1, we have E1+Δ1
Si
=3.395 eV,
101
 E1+Δ1
Sn
=1.77 eV,
97
 E1+Δ1
Ge 
=2.310 eV (this study), bE1+Δ1
SiGe
=0.089 eV (average reference values from ref. 97), and 
bE1+Δ1
SnGe 
=1.13 eV (this study). Thus the only unknown parameter is bE1+Δ1
SiSn
. By fitting 
our E1+Δ1 data to equation 6.13 with the above values, we have obtained bE1+Δ1
SiSn
 = 6.70 
± 1.22 eV. 
Figure 60 plots the compositional dependence of E1 in a 3-D view. Figure 61 shows 
the fitting surface with b1
SiSn
=9.02 eV. The alloy’s E1 value decreases with the addition of 
Sn, but increases with Si. Figure 62 plots the compositional dependence of E1+Δ1 in a 3-
D view, and Figure 63 shows the fitting surface with bE1+Δ1
SiSn
=6.70eV. The E1+Δ1 
transition values of the alloy have similar trend as transition E1, which decrease with Sn 
but increase with Si. 
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Figure 60 Compositional dependence of E1 in GeSn and GeSiSn samples. Data points are also labeled by 
different colors. 
               
 
Figure 61. E1 values for GeSiSn samples and the fitting surface. 
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Figure 62.  Compositional dependence of E1+Δ1 values for GeSiSn system. 
 
              
 Figure 63.  E1+Δ1 values for GeSiSn samples and the fitting surface. 
 
In principle, we could try to improve the fits further by adding the lowest-order 
term beyond the quadratice expressions in Eq. (6.13), which is of the form  b
SiGeSn
xyz. 
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However, for most of our samples, the Ge contents (z value) are larger than 0.9. This 
makes the value of term xyz very close to yz, so even if there is a third order contribution, 
our fit would be unable to distinguish between a bona fide third order parameter bi
SiGeSn
, 
and an ―effective‖ bi
SiSn
 that absorbs the third-order contribution. 
Figure 64 and 65 show the compositional dependence of amplitudes AE1 and AE1+Δ1 
respectively. The values of AE1 and AE1+Δ1 both decrease with increasing Sn or Si 
contents. 
                      
Figure 64. Compositional dependence of AE1 for GeSiSn system.                                        
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Figure 65. Compositional dependence of AE1+Δ1 for GeSiSn system. 
 
Figure 66 and 67 show the compositional dependence of broadening of transitions 
E1 and E1+Δ1. ΓE1 increases with increasing Sn content, and slightly decreases with 
increasing Si content. ΓE1+Δ1 has similar trend as ΓE1. 
                                                
Figure 66. Compositional dependence of ΓE1 for GeSiSn system. 
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Figure 67. Compositional dependence of ΓE1+Δ1 for GeSiSn system. 
 
2. E0', E2 and E1' transitions. For the GeSiSn system, the transition energies E0', 
E2 and E1' are also determined by equation 6.7. For E0', we have E0'
Si 
= 3.35 eV,
102
 E0'
Sn 
=2.39 eV,
97
 E0'
Ge
=3.157 eV and bE0'
SnGe
=0.737 eV (this study). b2
SiGe
 is set to 0 due to the 
very close values of  E0'
Si 
and E0'
Ge
. Thus the only unknown parameter is b2
SiSn
. By fitting 
our E0' data to equation 6.13 with the above values, we have obtained bE0'
SiSn 
= 7.13±2.37 
eV. The compositional dependence of E0' and a fitting surface are shown in figure 68 and 
69. The transition energy decreases with increasing Sn content, and increases slowly with 
increasing Si content. 
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Figure 68.  Compositional dependence of E0’ for GeSiSn system. 
 
          
Figure 69. E0' values for GeSiSn system and the fitting surface. 
 
For transition E2, we have E2
Si 
= 4.28 eV,
102
 E2
Sn
=3.63 eV,
97
 E2
Ge
=4.36 eV and 
b2
SnGe
=0.40 eV (this study). b2
SiGe
 is set to 0 due to the very close values of  E2
Si 
and E2
Ge
. 
Thus the only unknown parameter is b2
SiSn
. By fitting our E2 data to equation 6.13 with 
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the above values, we have obtained b2
SiSn
=0.42 eV. The compositional dependence of E2 
and a fitting surface are shown in figure 70 and 71. E2 decreases with increasing Sn 
content, and Si content has almost no effect on the value of E2. The compositional 
dependence of amplitudes of transition E2 is plotted in figure 74. It decreases with 
increasing Sn content, and its dependence upon Si content is not obvious.  
For E1', we have E1'
Si 
= 5.30 eV,
102
 E1'
Sn 
= 4.33 eV,
103
 E1'
Ge 
= 5.68 eV and b1'
SnGe 
=0.69 eV (this study). b1'
SiGe
 is set to 0 eV due to the very close values of E2
Si 
and E2
Sn
. 
Thus the only unknown parameter is b1'
SiSn
. By fitting our E1’ data to equation 6.13 with 
the above values, we get bE1'
SiSn
=2.38 eV. The compositional dependence of E1' and a 
fitting surface are shown in figure 72 and 73. 
                                      
Figure 70. Compositional dependence of transition E2 for GeSiSn system. 
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Figure 71. E2 values for GeSiSn system and the fitting surface. 
 
                           
Figure 72. Compositional dependence of transition E1' for GeSiSn system. 
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Figure 73. E1' values for GeSiSn system and the fitting surface. 
 
                   
Figure 74. Compositional dependence of the amplitude of transition E2 for GeSiSn system. 
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D. Discussion 
Table 4 is a comparison between the bowing parameter values obtained in this study 
and the corresponding values from previous studies reported by our group. Transition E1' 
is not shown because it’s not covered previously. We can see that most data agree well, 
although these studies are seven years apart. It is also important to point out that, in this 
work, none of the results from ref. 27 and 97 are used in data calculation, so these 
independent studies firmly corroborate each other. 
transitions     bi
GeSn
 (this work)    bi
GeSn
 (ref. 97)    bi
SiSn
 (this work)    bi
SiSn
 (ref. 27) 
 
     E1                   1.34                        1.65                      9.02                       8.7 
     E1+Δ1             1.13                        1.05                      6.70                       9.5 
     E0'                   0.74                        0.49                      7.13                       15.4 
     E2                   0.40                        0.40                      0.42                       1.47 
Table 4. Comparison between bowing parameters ( in eV) obtained in this work and previous works in our 
group. 
 
Table 5 shows bowing parameters for Si-Ge, Ge-Sn and Si-Sn binary systems, as 
well as lattice mismatches (in percent) and transition energy differences. The bE1
SiGe
 and 
bE1+Δ1
SiGe
 values are average reference values listed in ref. 97, and the bE0'
SiGe
, bE2
SiGe
 and 
bE1'
SiGe
  are set to 0 due to the very close values of corresponding transition energies for 
Si and Ge. Other b values are obtained from this work. 
lattice                            Si-Ge                               Ge-Sn                              Si-Sn 
difference (%)                 4.2                                  14.7                                 19.5 
transitions         Ei
Si
-Ei
Ge
         bi
SiGe
         Ei
Ge
-Ei
Sn
          bi
GeSn
         Ei
Si
-Ei
Sn
         bi
SiSn
 
 
      E1                  1.29             0.163            0.84             1.34            2.13             9.02 
      E1+Δ1            1.09             0.089            0.54             1.13            1.63             6.70 
      E0'                  0.19             0                   0.77             0.74            0.96             7.13 
      E2                 -0.08             0                   0.73             0.40            0.65             0.42 
      E1'                -0.38             0                   1.35             0.69            0.97             2.38 
Table 5. Comparison of bowing parameters (in eV), transition energy differences (in eV) and lattice 
differences. 
 
 144 
According to Bernard and Zunger,
104
 the calculated bowings for semiconductor 
alloys scale with ΔχABΔRAB, which is the product of electronegativity difference and 
atomic size mismatch. We see a similar trend in most of our data, as shown in Figure 75. 
For transitions E1, E1+Δ1 and E0', the relationship appears to be non-linear, whereas the 
plot for transition E2 indicates a more linear relationship. Unfortunately, it is difficult to 
draw definitive conclusions regarding the validity of Bernard and Zunger’s ansatz, since 
our results are based on the a priori assumption of the validity of a quadratic 
compositional dependence of the transition energies. We cannot rule out the possibility 
that our b
SiSn
 adjustable parameters may be accounting effectively for higher-order terms, 
resulting in the apparent deviations from linearity observed in Figure 75. Measurements 
on the binary alloy SiSn would be required to resolve this issue. 
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Figure 75. Bowing parameters for different transitions in SiGe, GeSn and SiSn alloys versus ΔχABΔRAB. 
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Based on the studies presented in previous chapters and this chapter, we are able to 
summarize the compositional dependences of all the important band gaps from 0 eV to 6 
eV for Ge-rich Ge1-x-ySixSny materials, as shown below. 
Lowest direct band gap (in eV): 
E0 = 0.795 ± 0.013 + (2.21 ± 0.12)x – (3.79 ± 0.16)y                                                    (4.1) 
Indirect band gap (in eV): 
Eind= 0.668 ± 0.008 + (0.67 ± 0.15)x – (1.77 ± 0.16)y                                                  (4.2) 
Higher band gaps (in eV): 
E1 = 2.109 + 1.123x – 2.177y + 0.163x
2 + 1.338y
2 – 7.521xy                                    (6.16) 
E1+Δ1= 2.310 + 0.996x – 1.673y + 0.089x
2 + 1.133y
2 – 5.473xy                               (6.17) 
E0' = 3.157 + 0.153x – 1.234y + 0.737y
2
 – 6.39xy                                                      (6.18) 
E2 = 4.359 – 0.079x – 1.127y + 0.398y
2 – 0.022xy                                                     (6.19) 
E1' = 5.683 – 0.383x – 2.047y + 0.694y
2 – 1.685xy                                                    (6.20) 
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